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SUBJECT , . ' «M * 

Sodium Perchlorate: Research Leading Toward the Development of Selected 
Methods to Produce Sodiuit Perchlore.ti* Without the Use of Platinum 
(Project Number HR 352-304/2-1-52; Contract Number NCNR-8G7(00)). 

OBJECT 

To investigate methods for production uf sodium porchlorate without the 
use of platinum; to include, but not necessarily oe limited to, the 
following; 

(1) The use of anodes comprising silicon-silicon carbide 
(2) The use of lead dioxide coated nnodos 
(3) The disproportionatIon of sodium chlorate In acid solution 

SCOPE! 

This Final Research Renort, labeled Section B, covers all work done on the 
disproportionatlon of sodium chlorate in acid solution including that done 
under Project  NR 352-263/2-1^-51 and  the present Project  NR 352-304/2-1-52. 

The electrochemical  work with anode materials,   the authorization for which 
has been extended  to  January 31,  195^«   ^8  being covered  In separate 
periodic  progress  reports. 

SUMMARY 

1. A 30^ to 33^ conversion of « ''urn chlorate to sodium perchlorate 
has been attained in both a batch and con inucua type process, using 70*0 
sulfuric acid at 93°C., or with 83^ acid >>I 69°C.  This is 90-991& of theory, 
assuming disproportionation of chlorate to perchlorate and chlorine dioxide. 

2. The yield of chlorine dioxide in the disproportionatlon of chlorate 
varied from 25$ with 70i  sulfuric acid, to 88$ with 83^ acid.  The remainder 
of the gas was substantially chlorine. 

3. The chlorine dioxide-chlorine mixtures were readily absorbed in 
100 to 200 g/l cauBtic solution and the resulting mixture of chloride, hypo- 
chlorite, chlorite, and chlorate were reconverted to chlorate by elec- 
trolysis in a chlorate type cell. 

4. The reaction between chlorite and hypochlorite to form chlorate 
and chloride and the disproportionatlon of chlorite to chlorate and chloride 
were also studied as possible methods of recovering chlorate from the above 
mixtures. 

5. The use of perchloric acid in place of sulfuric acid in the 
disproportionation of sodium chlorate resulted in comparable oonversions of 
sodium chlorate to perchlorate in batch »yx>e  reactions. 

6. Perchlorate values have been recovered from the sulfuric acid dis- 
proportionatlon reactions either as ammonium and potassium perc'r.lorates by 
a fractional crystallization method, or as perchloric acid by a vacuum 
distillation. The vacuum distilled perchloric auid could be converted to a 
high purity ammonium perchlorate by reaction with anhydrous ammonia.  When 
perchloric acid was used in this process, sodium perchlorate was recovered 
by direct crystallization. 
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7. Approximately 1/2 pound samples of potassium and ammonium per- 

chlorate have been made In single laboratory preparations, 

8. No catalyst was found that would change the course or the speed 
of the disproportionate.on reactions. 

9. The by-product in the 83^ sulfuric acid process was a solid 
complex of sodium acid sulfate, sulfuric acid and water of hydration con- 
taining 63^ by waight of equivalent Bulfuric acid values. 

10. A projected continuous cyclic procesB using 83^ sulfuric acid was 
developed on which to base a cost estimate, and as a preliminary guide for 
pilot or industrial scale development of the disproportionation proce30. 

11. A cost estimate on the production of 10,000 TPY of potassium per- 
chlorate by the disproportionation process gave a cost of 20.2^! per pound, 
assuming that the by-product acid mixture 1 e sold at its sulfuric acid value. 
On the same basis, the cost of potassium perchlorate by the electrolytic 
method using platinum tv.odes would be 1M-.Off prr pound. 

12. A cost estimate on the production of 10,000 TPY ammonium perchlorate 
by the disproportionation process gave a cost of 21.5p" psr pound, assuming 
that the by-product acid mixture i G sold at its sulfuric acid value.  Ihi« 
io based on forming the ammonium perchlorate by vacuum distilling perchloric 
acid from the acid disproportionation mixture, and reacting it with anhydrous 
ammonia. 

13. An analytical procedure was developed for mixtures containing 
perchlorate, chlorate, chlorite, hypochlorite and chloride.  On testing 
this procedure, analytical results duplicated actual sample compositions to 
within 1.5$. 

1^. A patentability and infringement study has been completed on the 
projected process. 

- 2 - 



CONCLUSIONS " ' . 

1. The reaction for the disproportionation of sodlura chlorate In 
strong acids is• 

3 NaClO + 2 H2S0^ » KaClO^ 4 2 C102 + 2 NnHSO^ + HgO 
•  (2 nri04) 12 NaClO^ 

When Clj is formed It appears to come from the decomposition of chlorLne 
dioxide and net from 3odlum chlorate. 

2. The above reaction can he controlled, and yields close to theory 
for sodium perchlorate can b* realised.  No catalyst is needed. 

3.  The recovory of perchlorate in the sulfuric acid process as potas- 
sium perchlorate by fractional crystallization, and **  ammonium perchlorate 
by reaction of vacuum distilled perchloric acid with anhydrous ammonia,are 
favored because of eare and efficiency. Product recoveries as ammonium per- 
chlorate by fractional crystallization and perchloric acid by vacuum distil- 
lation in the sulfuric acid, process, and sodium perchlorate by fractional 
crystallisation in the perchloric acid process, are also considered practical. 

U.  Recovery of oxidizing values in the volatile off-gases from the acid 
dlsproportionp.tlon reaction can best be done by absorbing the gasea in  dilute 
caustic solution, adding salt to increase the concentration and electrical 
conductivity to that of conventional electroiyte, and electrolysing in a 
chlorate type cell to form sodium chlorate. 

5. When Rarryiu/r out the 8jt  sulfuric acid process on a continuous 
'basis, 8.1 pounds of solid acid by-product containing 63^ of equivalent sul- 
furic acid would be produced for every pound of potassium perchlorate 
or ammonium perchlorate, 

6. In the perchloric acid process, assuming the sodium perchlorr.t>_ .-none— 
hydrate were recovered by direct crystallization, it was concluded on -*.he basis 
of preliminary work that the remaining sodium could be removed by anhylrous BC1 
to give a by-product of one pound of sodium chloride for every pound of sodium 
perchlorate product. 

7. The analytical procedures developed for mixtures containing per- 
chlorate, chlorate, chlorite, hypochlorite and chloride are considered 
satisfactory for all mixtures encountered in the sulfuric acid disproportlona- 
tion process.  In the perchloric acid process, the method is inadequate for 
determining the relatively small increase in perchlorate content of the 
perchloric acid reactor solution. It is recognized that chloride and perchlcrate 
analyses are unreliable when the ratio of these components to chlorate is 
low, but such mixtures were not encountered in this research. 

8. The acid disproportionation process using 83# sulfuric acid is ready 
for pilot plant testing 

9. The disproportionation process does not infringe existing United 
States patents, and may have some elements of novelty. 

- 3 - 



RECOMMENDATIONS 

1. If an alternate to the electrolytia process using conventional 
or alternate anodes ia desired, the acid disproportionation process should 
"be compared with other chemical methods now being studied and the most 
promising one chosen for pilot plant testing. 

2. The choice of acids should "be made on the basis of the relative 
degree of hazard involved and usefulness of the by-products. 

3. Patent application Bhould be fil6d on the novel points of the acid 
disproportionation process. 
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LABORATORY  STUDY 

A.     Dlsproportlonatlon of  Sodium Chlorate  In Acid  Solution 

1.     Summary of Prevloue Work- done Under 1951 ProJopt NR 3^2-26'j/ 
ts!3=23u 

The 1951  "laboratory work wag  of a limited exploratory nature 
which simply established  that appreciable yields  of sodium 
perchlorate could be  obtained  on reacting  sodium chlorate and 
sulfuric acid.     It was  recognized  that a patented process(l)  for 
making perchlorates and  chlorltes  of different metals by the 
above reaction would be of doubtful value.     However,   it was 
felt  that an adaptation  of  this  process which  did not recover 
chlorite,  but  returned all  reduced chlorate to a chlorate cell 
to be reconverted might  be practical. 

2.       Reaction  gtudg 
a.     Pot  Reactor 

The purpose of thin pliaso  of the work v<v.  tc deterEine the 
?eaaibllit;r of and the optinur: conditions for the production of 
perchlorates by the cUsproportionaticn reaction of a chlorate such 
a-, p.ofMur chlorate in a ncr.centrate^ strong acid.    The nr^or part 
of ovr effort  han boon in reactions with aulfurie acid. 
althc'i^h a few preliminary experiments were carried nut with 
pert hlci'ic acid. 

ITwnerouu reactions might  3eem pot   Ible,   depending on reactant concen- 
trations,  temperature,  etc. between the limits of the two follow- 
ing  equations i 

Cl)2H2S02i + 3"aC103 » lfcClty + 2C102 - ZHaHSOi, + H20 

(2)  H2SO4 r 7HaC103 -} S&aClfy + Cl2 + Na^ SO^ + H2O 

The  evidence  of this research,  however,  ae diiicusaed in a later 
part  of this  section,  is that equation  (l)  shows the only conrsa 
or reaction under the conditions used in this research,    although 
ohlorine may also be formed by  the  partial v*~- phase  thermal  de- 
composition of chlorine dioxide,    A 33.3* conversion of sodium 
chlorate  to perchlorate represents  the  theoretical maximum yield by 
equation 1.     A3  expected,   the recovery   of oxidizing chlorine va   lea 
In the off-gaaes was found to  require considerable research  eff  rt. 

Sodit-jn chlorate was  introduced *n*-r fK« ^M,,n 
solution 650 gns./l. Thi.^/w^o^vry sltl^Ts^ 
mc: proferablo to the use of solid scdiun chloratt VScn 2.S. 
ia violent ] ow.l  reaction.     In a series of ->rp'1,^ Jl results 
the   julfuric acid wai ho^  ^ •>«  3°*xc- o:    rexi-ainary experiments, 
chlorate solution wa„ aided drcwi-e      'i   fl ^    «     he  80dim 

-aiGec to tiie desired ~oint ('ro^^or! ^ a^ ^< 4. A  *    •^^^^^ ww-s 
of 1/? to - vm.-^o      nul     1  i, °; %d diSentcd for periods 
5*C ' "°^s«    ~*e solution va3 flushed at all times with 
nitrogen gas introduced through a fritted gla8B gas wasMnf tube. 

If, .-I 
- 5 - 



The reaction of $0%  3ulfuric acid with sodium chlorate solution 
was too alow and mild.  Using 70$ sulfuric acid, promising yields 
were obtained in the temperature range of 70° - 100°C. with a 3 
hour reaction period.  Use of 83%  sulfuric acid yielded more 
perchlorate than 70'£ acid under approximately the same conditions, 
but with precipitation of some solids at room temperature.  The 
reaction of 96i  sulfuric acid with the concentrated sodium chlorate 
solution tended to be violent and resulted in the immediate pro- 
cipitation of a considerable amount of solids at or near room 
temperature.  These solids dissolved at about 70°C, but heavy 
foaming of the reaction mixture occurred at this elevated temperature. 
Although the yield from one experiment with 96^ sulfuric acid was 
good, it was decided to carry out further work with the 70% and 83^ 
acid.  In these preliminary experiments, conversions of sodium 
chlorate to perchlorate in excess of 32% were reached. 

In order to determine, infurther experiments wit:, sulfuric aci«i, 
whether an; perchloric acid was boin," distilled out of the reactor 
during the heating of the chlorate-acid mixture after they had been 
mixed at roon temperature, and, also, to determine the composition 
of '.he reactor vapors, specially in regard to oxidizing power, a 
closed reaction vessel was used.  The reactor vapors were flushed 
out with nitrogen and absorbed in a train of two 3.J sodium hydroxide 
solutions of 12^ mis. each.  The reaction mixtures, except as 
otherwise noted, consisted of )0  mis. of sulfuric acid of "iven 
Strength and 38.5 mis. of a C'jO   -Tms./l. IlaClO-j solution (25 ~r.s. 
NaClOo).  For 7(£ acid this gave ar. '^O^/'iaClCh weight ratio of 
4.1, and for 33*. > acid, the ratio was 5.3-  **Tne-'following variables 
affect'.r." *hr> r'fl-r^e of conversion of rodivjc chl*>rRtP v- porchloi*t« 
were studied with ?0^ and P.3%  sulfuric acid?  (1) reaction temperature, 
and (2) ratio of arid to chlorate. 

The reactions-, with '.'0 ' acic1 were carried cut at />9° and 9?°C„ 
with reaction periods of 3 to &  hours.   \t 69°,the conversion 
of sodium chlorate to the perchlorate fell in the range of 11 to 
2Zi  for the above respective reaction times.  At 93°". the 
yield was a1, cut :Z->t  practically independent of reaction tine. 
The- conversion of sodium chlorate to the perchlorate at c9°C. 
when using °.T- sulfuric acid ranged fror 29 to 33'-' for reaction 
periods of 3 to 6 luxirs respectively.  Attempts to heat a rrixture 
of SJ,i  sulfuric acid and concentrated sodium chlorate solution to 
93°'J. resulted in moderate explosions at about 73o-30°C.  At 
these tenperatures the concentration of yellow chlorine dioxide 
in the reactor vapor space increased too rapidly to be enrried 
away by any practicable "low of nitrogen.  These results are outlined 
in Tables x fcn*1 II. 

Prosn analyses of the absorber solutions for oxidizing power and 
chlorine content, the composition of the reactor vapors was calculated 
and expressed as >er cent chlorine ar&  chlorine dioxide, tflth 70$ 
acid reacted at 69°C., the composition of tho reactor vapors 
could :e considered as 100'"' ClOo, and v.'hen the react: or. ter-r •T- 
ature was raised to 93°'., the ClOo content dropped to .".-• .-(7t  CL,). 

- 6 - 
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r " m :hrn rear tin;* PT^- sulfuri - acid with a odium chlorate solution and. 
heatin/' lo C^°C.,   the CIO;, content of the absorbed reactor vapors 
ranged from ,''. to V' (12 to 15.• *l-0 'or reaction periods of 3 to 
6 hours respectively. These results are given in Tablet m and 7.7. 

Ac the ratio of the weight of equivalent IOCCJ HO30I. to the weirht 
of un ilv;L1 cnt solid sodium chlorate was increased, from 2.6 to .'..1 
when reacting ','0,'  acid at 93°~«i the conversion of aodium chlorate 
to the perchlorate ro3e froni 2B to 33/^»  ^t the sare time the 
J1'J0 :ontor.t of the absorbed rea-tor vapors drop-3d froia 48 00 ?.%'• 
(52 to 7?,.' Cl2).  '/hen reacting 82* acid, in the acid-chlorate 
ratio raaf^e 0? Jmk  to 1C.5. froin 31 to 33$ ^   the sodium chlorate 
wan converted to porclilorate respectively at 69°C.  Under these 
conditions, iho.  absorbed reactor vapors ranged in composition from 
93 to i'U ' C10o(7 to l'v Cl2) .   The reaction period for all 
experiments in t'.is series was ^.5 hours. Tabloc V and 71 show 
these reau.ltB. 

In interpreting the above yields, it should be noted that for a 
reaction exactly following equation (1) (Page 5 ) in which 
chlorine dioxide is the only oxidizing gas given off, a 33.3^ con- 
version of sodium chlorate to perchlorate represents the maximum 
possible yield, while for equation (2) where chlorine is the only 
oxidising gas given off, a yi.^i  conversion represents the maximum 

-j possible yield.  In most of the above experiments In which the 
« reaction of sulfuric acid and sodium chlorate was carried out, a 

considerable amount of chlorine dioxide was found in the absorber 
solutions.  Thus, the yields might be expected to be closer to the 
value for equation (1). Even in those cases where the reactor 
gases as absorted in sodium hydroxide solution are analyzed as having 
been to a large degree chlorine, it is likely that the gases Just 
as they evolved from the reactor solution were chlorln«» dioxide. 
Brown (2) has found that in the gas phase, chlorine dioxide undergoes 
thermal decomposition into chlorine and oxygen.  ThiB reaction rate 
rises rapidly with temperature, especially above 60°C.  In aqueous 
solution, chlorine dioxide may undergo catalytic hydrolysis into 
chloric and hydrochloric acids.  If no catalyst is present, the 
solutions ars stable, even at 96.5°C. 

Distillation or carry over as mist of perchloric acid from the 
reactor was found to bo negligible at the reaction temperatures 
used (93°C max.). 

During the course of these experiments the observation was made 
that as tho mixture of '0$ sulfuric acid and concentrated sodium 
Chlorate solution is heated, there is a continuous evolution of 
strongly vollov vapors until the temperature reaches 90°-93#C. 
at which point tho evolution of the yellow vapors stops sharply. 
For 83$ sulfuric acid, this characteristic temperature is 67-69*0. 
These then were considered to be the desirable temperatures for 

,£ carrying out the formation of perchlorete, since at lower tempera- 
tures, thn  reaction rate is very slow, and at higher temperatures, 

*:'   • - 7 - 



»ff«ot of Acid Strength on Yield of Sodium Parolilorato in 

NaClO-y-E^SO^ Reaction 

(Pot Reactor) 

STRENGTH OF 
I!2S0i|, USED 

LENGTH  OF DIGES- 
TION PERIOD - 

HOURS 

WT.   OR MOL ''ii OF 
ITnClO^ CONVERTED 
TO SaClOl*. 

70 

10.8 

''•.5 !«5   6 

»'.G 

33 

3.0 J9.5 

"-.5 31.3 

6.0 33.* 

Roaction ?«»poraturc  (are, mar.) » 69BC. 

Roast is-. Charge:    90 ml.-,  of H2SO4 of £iY*n strength 
38.5 -ala.  of Tfe.010* solution, <S.50fi. 

KhCloyilW. 
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2ABUUJL 

i »    » ' i •    * 

Effeot of Reaction Temperature on Yield of Sodium Perohlorate 

in NaClOj^EgSO^ Reaction 

(Pot Reactor) 

* 

REACTION 
TEKP. 
•C. 

LENGTH 0? DIGES- 
TION PERIOD 

HOURS 

WT. OR MOL i 
0? HaC103 COB- 
VERTED TO NadC* 

69 

3.0 10.8 

*.5 15.6 

6.0 22.0 

93 

  

3.0 32.1 

*.5 30.9 

6.0 33.0 

!   I 

Reaction Charge:    90 mle. of ?0^ HgSOjj. 
38.5 mis.  of H8.CIO3 aolution,  65Cg. 

Ha0103/l. 
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T.yr/p in 
-  Vf •/ '  W 

Effect of Acid Strength or. Composition of Reactor Vapors Formal 
in NaClOj-nlsOk Reaction 

(Potvjeacter) 

(Values given are toVils found in "both, caustic absorber 
solutions uiei in absorbing trail.) 

•* 

STRENGTH 0? 
H2S02| US 3D 

WT. $ 

LENGTH 0? 
DIGESTION 
PERIOD 
HOURS 

TOTAL VT.* 
OF 01 IN 
ABS0E3IH0 
SOLUTIONS 

GMS. 

<$>  OF 01 
AS Cl2 

$ ci ci 
AS 0102 

70 

3.0 1.91 Nona 100 

M 2.00 Nona 100 

6.0 3.20 0.6 99.^ 

83 

3.0 5.50 11.8 88.2 

*«3 5.*+6 12.* 87.6 

6.0 5.56 1^.7 85.3 

I 

* - Vei^it of 01 par 25 granus of SaClOo charge 

Reaction Teiiperature  (ave.  max.) • 69°C. 

Reaction Chargox    90 xals.  of H2SO4 of given strength 
38.5 mis.  of 650g./l. HWIO3 

- 10 - 
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mi&Ji 
Effect of Reaction Temperature on Con5>o«ition of Reactor Tapom 

Formed in SafllO-j-fijjSOi* Reaction. 

(Pot Reaotor) 

(Values given are total* found in 'Doth oauetio 
solution* used in abeorbingtrain.) 

ab »or "bar 

REACTION 
T5KP. 

(AVE.MAX.) 
•0. 

LEHMH 07 
DIGESTION 

PERI02 
HOURS 

TOTAL WT.* 
of ma 
ABSORBINO 
SOLUTIONS 

CMS. 

i OF 01 
AS 012 

% OP 01 
AS 0102 

69 

3.0 1.91 None 100 

4.5 2.00 None 100 

6.0 3.20 0.6 99.* 

93 

3.0 4.17 75.1 24.9 

4.5 4.70 76.2 23.8 

6.0 4.94 76.7 23.3 

•    Weight of Cl par 25 grama of HaClO-j charge 

Reaction Chargoi    90 rale of 70# R^Qk 
38.5 nla of 650 g./l. HaCl03 

- 11 - 
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Effect of Ratio of Sulfuric Acid to Sodium Chlorate on Yield 
of Sodium Perchlorat . 

(Pot Reactor) 

: 

Strength of 
KjSOjj, Utod 

wt. $ 

Ratio: VCt. of 
Bquiv. loo?' S2SO4 
Vs. Wt. of NaC103 

Wt. or Mol %  of 
K&ClOo Converted 
to UaClO^ 

or, 

3.6 ?7.3 

*.l 30, ;J 

8.1 36.3 * 

33 

3.* 

5.3 31.3 

10.5 3^.9 * 

• „ 

Length of Digestion Period - ^.5 hours 

Reaction Temp, (ave.raax.) 
93*C (when using 70$ HgSO^) 
69°C (when using ZJ$>  H2SO4) 

A 33*3$ conversion of sodium chlorate to perchlorato represents the theoretical 
maximum yield by ea.uation 1 of Page 5» These results vere obtained before ex- 
tended refinomonts in analytical procedures for mixtures of chlorate and perchlorate 

& 
- 12 
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Effect of Ratio of Sulfur!p. Acid to Sodium Chlorate on Composition 
of Reactor Vapor a 

(Pot Reactor) 

(Value? given are totAla found in "both caustic absorber solutions 
used in absorbing train.) 

Strength of 
HoSOi. Used 

wt: t 

Ratio Wt.of 
Equiv. 10C$ 
H-jSO^ Vs. 
«£. of 

NaClOi 

Total Wt.* 
of Cl in 
Absorbing 
Solutions; 

i> of ci 
as 

Chlorine 

$  of Cl 
&s Chlorine 
Dioxide 

70 

?..6 b.26 51.6 48.4 

hm\ ^.70 76.2 23.8 

3.1 5.33 77.2 22.8 

83 

3.'+ 4.32 7.0 93.0 

5.3 5 .46 12.4 87.6 

10.5 5.4i 16.4 63.6 

r 
l 

1 

* Weight of 01 per 25 grans of IJa0l03 Charge. 

Length of Digestion Period - ^.5 hours 

Reaction Teirvp.  (ave.jnax.)j 
93°0 (when using 70$ 1B^>%) 
69*0 (vhen using 83^ B^SCty) 

-13 - 
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all the chlorine dioxide tends to be thermally decomposed into 
chlorine and oxygen.  When the 83$ sulfuric acid and chlorate mixture 
was heated to 75°C. and higher, there was a reappearance and very rapid 
increase in concentration of the yellow vapors with the mixture ex- 
ploding at about 80*C.  No attempts were made to carry out any experi- 
ments with 70$ acid above 93°C.  These observations apply to the series 

of experiments in which the reactor vapors were confined and swept 
through an absorbing train of caustic solutions by nitrogen bubbled 
through the reactor solution.  In a preliminary experiment in 
which the reactor was completely open to the atmosphere, a similar 
mixture of chlorate and 83$ sulfuric acid could be heated to 102*0. 
without exploding. 

The reaotion of 70$ and 83$ sulfuric acid with sodium chlorate 
solution was also carried out by slowly adding the sodium chlorate 
solution to acid already preheated to the reaction temperature 
rather than mixing at roam temperature and then heating.  The 
yield of sodium perohlorate was not appreciably affeoted by this 
Changs in reaction technique. However, the composition of the 
evolved reactor vapors was radically changed.  With 7°$ sulfuric 
acid reacted at 93*0., the chlorine dioxide content dropped from 
about 25$ to 0$ (75$ to 100$ CI2), and with 83$ sulfuric acid 
reacted at 69°C, the chlTrine dioxide content dropped from 
about 88$ to 0$ (12^ to 100$ CI2)• A number of experiments were 
also oarried out in which air was substituted for the nitrogen 
used in flushing out the reaction vessel.  This change had little 
effect on the yield of perchlorate or the composition of the reactor 
vapors as conpared with identical experiments carried out with nitrogen 
flushing.  These results are given in Tables Til and Till. 

One advantage in using 83/; sulfuric acid for carrying out the 
disproportionatlon reaction is that lees unreacted sodium chlorate 
and oxidized chlorine gases remain in the reaction mixture.  The 
presence of an appreciable amount of unreacted sodium chlorate could 
oause difficulties in the separations for the recovery of perchlorate 

aB discussed in Part ** of the Laboratory Study section of this report. 
At the end of an average reaction period of 4.5 hours, approximately 
3$ sodium chlorate and oxidised chlorine gases remain.  In contrast, 
with 70$ sulfuric acid, approximately 12$ sodium chlorate and oxidised 
chlorine gases remain after 4.5 hours.  This is somewhat counter- 
balanced by the possibility of the reaction with 83$ sulfuric becoming 
violent in case the reaction temperature is not closely controlled. 

It has been established in a few experiments that perchlorates may 
be made by heating sodium chlorate with peichloric acid. When reacting 
60.3$ perchloric acid with concentrated (650 g./l.) sodium chlorate 
solution, the mixture must be heated to 93*C. to obtain an appreciable 
conversion (l6#) of the sodium chlorate to perchlorate. With'70.758 
perchloric acid, 32$ of the sodium chlorate can be converted to per- 
chlorate at 690C. The react-r vaporB in this case were found to be 
98$ chlorine dioxide. Raising the reaction temperature with 70.7$ 
perchloric acid to 93*0. did not increase the yield of -oerchlorate. 
These results are detailed in Tables IX and X.     In" the above 
reactions, the initial H010ZJ./JTRC103 weight ratio with 60.3$ perchloric 
acid was 3,5 and with 70.7$ acid it was 4.5.  The batch charge in each 
case was 9^.2 mis. of perchloric acid of the given strength and 38.5 mis. 
Of e. 650 g./l. NaClO-j solution (25 gms. Ha.Cn.O3). 

Mr - 1"- 
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TABU VII 

Comparison of Yield* of Sodium Perchlorate from UaCiOj-B^SO^ Reaction Under 
Varied Heating Cycles 

(Pot Reactor) 
HtftUag Cycle; 
1, Add NaCiOo solution to cold ^SOj^,   then heat mixture to desired reaction 

temperatrure.     Consider reaction period to include heating up ti*e. 
2. Add NaClO-j solution to R^SO^ already preheated to reaction temperature. 

Gas Used in 
Flushing Reactor 

Train 

Strength of H^SO/j. 
Used- 

Vt.   % 

Heating              j 
Cycle 

¥t. or Mol £ of 
HaClO^ Convartal 
to ITaClO^ 

NITR00TO 

70 
1 32.1 

2 30.0 

83 
1 29.5 

2 

* 

18.0 

AIR 

70 
1 28.5 

2 31.* 

83 
1 3MA 

2 33.7 

I 

Reaction Charge: 
90 mis of H2SO4 of given strength 

38.5 mis of 650 g./l. 1^0103 

Reaction Temperaturei 
93*C (with 7056 H2S0j|) 
6?«»0 (with 83!* H2S04) 

Length of Digestion period - 3 hours 

* Analysis of reactor solution of this experiment is in question. 
ARefer to footnote on Table V, Page 12. 

-15- 
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Comparison of Composition of Reaotor Vapors Formed in EaGlO-j-B^SO^ Reaction 
Under Varied Keating Cycles - 

(Pot Reactor) 
Peaking Qygiflt 
1. Add KRC10-> solution to oold Hj^SO^,  then heat mixture to desired 

reaction temperature.    Consider reaction period to  Include he*.ting 
tip time. 

2. Add HaClO^ solution to ^SOjj, already preheated to reaction temperature. 

Oas Used ixjl 
Flushing 
Reactor 

Irain 

Strength of 
SgSOij. used 

W % •   f> 

Heating 
Cycle 

Total ¥t.» 
of Cl in 
Absorbing 
Solution 

gns. 

$ of 01 
as Cl2 

$ of Cl 
as 0102 

NITROGEN 

70 

1 4.17 75.1 24.9 

2 *>5$ 99.6 0.4 

83 

5.50 11.8 88.2 

2 5.^9 99.8 0.2 

AIR 

70 
1 3.96 77.9 22.1 

2 4.46 99.8 0.2 

83 
1 5.16 8.7 91.3 

2 5.50 100.0 CO 
1.       .    .  .,     .1 •      •  ,. - 

•TV 

•*•• 

* Weight of Cl per 2$ grams of NaClO-j charge. 

Reaction Chargei    90 mis of H^SOij. of given strength 
38.5 mis of 650 g./l. HaC103 

Reaction Temperature!    93«0 with 70$ HgSOj. 
69*0 with 83# H^SOZj. 

length of Digestion Period - 3 hours. 

-16 - 
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In order  to  obtain a relatively large amount of product  solution 
for perchlor   te  recovery  studies as  described  in Part  k of  the 
Laboratory Study   section of  this  report,  four repeated batch 
reactions  of 70$ sulfuric acid with 650 g/l   sodium chlorate  solu- 
tion  (50 gms,  NaClO-j per batch)  were carried  out at 93°-95°C.  by 
the procedure described above.     This  series  of preparations was 
repeated using 70.7^ perchloric acid in place  of the  sulfuric 
acid.     Durine;   these preparations, an attempt  was nade  to absorb 
the chlorine-chlorine dioxide  off-gases  In a train of four con- 
centrated  (^15 g/l)   sodium hydroxide solutions rather than In 8^6 
(87 g/l)   sodium hydroxide solutions as above.     The absorption by 
the concentrated caustic  solutions was not  complete.    Use of a 
200 g/l   sodium hydroxide  solution in  the absorbers resulted  In 
practically complete absorption of the chlorine-chlorine dioxide 
off-gases  in the  first  three of the train of four absorbers. 

- 17 - 



TABU    IX 

Effect of Perchloric Acid Strength and Reaction Temperature 
on Yield of Sodiun Perchlorate 

(Pot Reactor) 

Strength of 
ECIOI4. Used 
wt. i» 

60.3 

70.7 

T 
Expt. No. 

33 

34 

A.YO. MAX. 
Reaction 
Temperature 

•0. 

Wt. or Mol # 
of N&CIO3 
Converted to 
NaClOii 

69 

93 

0.0 

16.0 

35 69 32.1 

25.2 36 93 

Length of Digestion Period - ^.5 hours 

Reaction Charge: 9^.2 IUXS. of HCIO^ of given strength 
38.5 mis. of 650 g./l. 5aCl03 solution 

-18 - 
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Effect of Acid Strerv^h and Reaction Temperature on Composition of 
Roactor Vapors formed in HOlO^-NaCK^ Reaction 

(Pot Reactor) 

Strength 
of HCIO4 

Used 
Wt. $ 

6O.3 

Eroto 
3To. 

33 

Aye.Max. 
Reaction 

Teap. 
•C. 

69 

93 

Total Wt.» 
of 01 In 
Absorbing 
Solutions 

gas. 

0.61 

3.32 

<f> of 01 
as OI2 

None 

Nona 

i> of ci 
as 0102 

100 

100 y> 

70.7 
35 69 4.31 2.2 97.8 

36 93 5.19 37.3 62.7 

* Weight of 01 per 25 grams of NaCIO, charge 

Length of Digestion Period - ^.5 hours. 

- 19 - 



b.  Packed Coluun Reactcr 

In an attempt to avoid the danger of hanrllrg and heating Ur^e pot 
Datcftss of aci^ chlornte—percr "'.orate solutions aa would be 
necessary on a commercial scr-e, a semi-continuous, packed column type 
reactor was declined ar.d builf for carrying cut the disproportiona- 
tion of sodium chlorate In acid solution, A reactor of this kind would 
contain only a small hold—up of potentially dangerous hot chlorate and 
perchlorat" solutions.  Details of the eolunr and auxiliary equipment 
are shown lr ?igure 1. 

A typical experiment will illustrate the operation of the packed 
column rep.ctor.  The chargr* was prepared by nixing ?Ct- sulfuric 
acid into sodium chlorate solution (6.50 g./l.). The chlorate 
solution was kept in an ice water bath to maintain the temperature 
during mixing at or slightly below 2 °C.  The mixed charge was then 
held in a feed flask above the column with the charging rate eon- 
trolled by a stopcock in the line.  A slight pressure was maintained 
ibove the charge solution to overcome back pressure in the column. 
The column wag heated by an externally wound resistance wire, and 
the temoeratures measured by thermocouples fastened against the out- 
side wall of the glass column.  Thus, the measured temperatures were 
not the actual temperatures of the solutions passing through the 
column, but were only relative, for use in comparing the results of 
different experiments.  However, it is estimated that the actual 
average temperature of the &cid-chl-"*ate solution in the he t zone of 
the column was about UO°C. below the outside wall temperature at the 
midpoint of the heated length of the column.  During the downward 
percolation of the acid-chlorate solutionthrough the glass helix 
packing of the column, a flow of nitrogen gas was maintained up 
through the column to dilute the chlori: r, dioxide content of the vapor 
below the explosive limit.  TheBe gases were either vented to the 
stack or absorbed in a train sf two to four sodium hydroxide solutions 
of 100-200 g/l. A small bleed of nitrogen gat was maintained through 
the product receiver to sweep out any chlorine dioxide and chlorine 
carried down in solution. At the conclusion of a run, the column was 
washed out with two 100 ml. portions of water. 

As seen from Table XI. the packed column reactor was operated through 
the temperature range'of 100* to 180*0. At 180»C. there was a con- 
siderable boiling of water from the feed solution, and a repeated 
refluxing of this water between the oondenser and heated portions of 
the column. At temperatures above l^C'C, there was a steadily in- 
creasing loss of water by the acid-chlorate mixture as it passed 
through the column. As these product solutions cooled to room tem- 
perature, a considerable precipitation of crystals occurred.  There- 
fore, 1^0°C. was chosen as a tuitable operating temperature at which 
a conversion of sodium chlorate to perchlorate as high as 31"* could 
be secured in a single pass.  Charging rates of k  to 10 mis. per 
minut<3 (through a 1-7/32" I.D. column) were suitable, with somewhat 
higher conversions at the lower throughput.  In all cases, the pro* 
portions of 70$ sulfuric acid and sodium chlorate solution (65O g.^1.) 
were the samy as those used in the pot rep.ctions previously described 
that is an anhydrous HaSO/j/NaClO-j weight ratio of l+.l. The nitrogen 

flushing rate in these experiments was two liters per minute. 

- 20 - 
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IA3LB   XI V, 

Yields of Sodium Perchlorate from Packed 
Column Reactor 

t: 
• 

Temperature* on           ! 
External Wall at          i 
Midpoint of Reactor   i 

j         .=.            | 

Charging 
Rate 

mis/ mln. 

Wt.  or Hoi i> Conver- 
sion of KaC10<5 to 

HaClO^ 

j                            ; 

100 

2.0 16.8 

4.1 13.0 

J 

1 

> 

i. 

8.2 18.0 
1.46 

110 2.24 10.1 
j 

4.35 20.6 

.                      J 9.3 17.9 

2.9 13.? 
120 4.1 16.7 

5.8 17.8 
8.2                                            l6.4 

i _ . 1        ...                                                                     1 (_ 
i 
1 

j            130 

4.6                                       28.4 

> 

<. 

7.9                                       21.2 

8.2 (137°C)                          24.4 
I |                5.3                     |                 31.7 

140 
1                  10.2                                        27.3 

150 
r        K ,        •     - 
i              5'7 32.3 

i              8.9 23.3 
b 

6.6 27.2 
160 10.2                                  25.8 
170 10.2                                            21.9 

180 9.8                                            26.7 
1 

CHARGE*     60.7 mis.  of 660 g./l. NaCT.03 (40g. HaC.103) 
144 mis.   of 70^ H2S0^ 
[?2S04/IIaCl03  (anhydrous) weight ratio - 4.3J 
Mixed,   then dripped through column. 

Nitrogen flushing rate - 2 l./min. 
* - Actual average temperature of acid-chlorate solution in hot  zone of column was 

approx. 40°C.  "below tWs outsid6 wall temperature, 
a - Includes NaClOjf in product solution only. 
"b - Includes NaClOij. in product and wash water solutions. 
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The product  solutions   of several of  the above  experiments  were given 
a second pas6  through  the column.     Nitrogen flushing rates  of 2 to  6 
liters per minute, and a column temperature of 140°G. were used.    At 
best,  only a small increase in conversion of  sodium chlorate to per- 
chlorate resulted from the   second p&ae reaction,  and at  the higher 
nitrogen flushing rates  there was practically no Increase  in conversion. 
It  thus appears that   the minimum nitrogen flushing rate which will 
lower the chlorine dioxide concentration below the explosive range 
should be used to permit maximum conversion efficiencies.     High flushing 
rates result ir undesirable cooling within the column. 

Several experiments wer*  carried out  In which perchloric acid was 
substituted for sulfuric acid in the acid-chlornte  charge to  the 
packed column reaotor.    The proportions of acid  to chlorate were 
those used in the pot reactions  (see Table   IX       and previous dis- 
ouflsior:).     Charges containing 71$ perchloric acid crystallized and 
plugged the reactor  at  column temperatures above 120°C.   (outside 
wall).    A 6156 perchloric acid-chlorate charge  could be run through 
the column with column temperatures as high as  150°C. without  crystal- 
lizing.    Considerable difficult:,' v*ns  encountered in analysis  of these 
product solutions,  containing high perchlorate,  and  some  refinement 
of  the analytical  method is  necessary  for   this  type  of mixture. 
Further work with perchloric acid was discontinued because of   the 
more ready interpretation of results when sulfuric acid  is used. 
The data already on hand for perchloric acid from the pot   type  of 
reac&or, and  the patent literature  suggests that both acids can be 
used for the disproportionatlon. 

As previously discussed,  It is felt  that sulfuric acid and 
sodium chlorate when reacted under  the  conditions used in this re- 
search form chlorine dioxide as  the only chlorine-containing oxidizing 
gas,  and,  therefore, a 33*3^ conversion of sodium chlorate  to per- 
chlorate represents   the  theoretioal  maximum yield.    As this chlorine 
dio:tide is swept out  of solution by the flushing gas  (air or nitrogen) 
it becomes susceptible tc thermal dec^nposition  into chlorine and 
oxygen,   the rate  of   this reaction being quite high    above 60eC. 
Therefore,  the off-gasen from the  chlorate-acid reaction may con- 
tain as little as  one-fifth of the original oxidizing power of the 
chlorine dioxide formed by the time  they pass over to the caustic 
solution absorbers. 

In a typical experiment with 70$  sulfurio aeirl,  approximately 30$ 
of the chlorato charge  is converted to perchlorate,   25^ to 30$ re- 
luains in the product  solution (and wash solutions,   if used in column 

i experiments) as dissolved chlorine dioxide,  chlorine,  and possibly 
I some unreacted chlorate,  and Uo£ to k^p is recovered as dissolved 

chlorine dioxide and chlorine in the caustic  solution absorbers.    As 
seen from Table   Till    the oxidizing level of tho caustic absorbed 
off-gases from the reaction with 70£ sulfuric acid at a touiperature 
sufficiently hi.^h to  obtain a satisfactory perchlorate yield,  would 
be expected to be  between 75£> to 100/, chlorine  (25^ to 0$ 0102). 
These figurss refer to reactions carried out in a pot reactor.     The 

J composition of the absorbed off-gases from tho 70$ sulfuric acid- 
chlorate mixture reaction in  the packed column reactor also  ftil" s  in 
thiB range,  generally being close  to lOOi chlorine   (Oi ClOp). 

* T'.\')[- :v' - 23 - 
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Assuming  that a lOOi efficient  reaction Is ona  In which 66-2/3/6 of 
tthe chlorate  is converted to chlorine  dioxide,   all  of which lo ab- 

eorhed   In oaustlc at  the  full   oxidizing level,   then  in practice, 
whar. reacting ?1$ sulfuric acid  with sodium chlorate solution  (65O g/l) , 
there  Is only a 13$ to  27$ overall  efficiency  in recovery  of  oxidizing 
values in the caustic  solution absorbers.   Improvements  in  the process 
to make possible the complete release of oxidizing gases from the 
product  solution and recovery in the caustic  solution absorbers may 
be  expected to  increase the  efficiency in recovery of oxidizing  values 
to  from 21$ to  42$. 

As  seen from Table   IV, practically pure  chlorine dioride oan be 
recovered in the  caustic absorber  solutions by lowering the  reaction 
temperature with 70$ sulfuric acid.    However,  ae  seen from Table  II, 
the conversion of chlorate  to perchlorate is considerably lower, and 
the  reaction takes place very  slowly.    A multi-stage processing might 
be considered with relatively low temperatures in the early stage or 
stages  for efficient  oxidizing value recovery, and a gradual rise in 
temperature in the later stage or stages to complete the conversion of 
the chlorate to perchlorate. 

Referring  to Tables  I and II,  one may observe that conversions of 
sodium chlorate  to perchlorate in excess  of 30$ were obtained with 83$ 
sulfuric acid  in a pot  reactor with the oxidizing level of the absorbed 
off-gases maintained at 85-88$ chlorine dioxide.    Therefore,   it  seemed 
that  the recovery of oxidising values in the absorbed off-gases  from 

^ the packed column reactor could be most easily and sharply increased 
by substituting 831* sulfuric acid   for the 70$ sulfuric acid.     However, 
the substitution of an equal volume of 83$ sulfuric acid for  the 70$ 
acid resulted in the formation of a heavy crystalline precipitate  on 
mixing with the  sodium chlorate  solution, with the mixture  maintained 
at or slightly b elow 25°C.     Such a slurry would not have been suitable 
for use as a charge to   the packed column reactor. 

On mixing 83$ sulfuric acid with 650 g/l  sodium chlorate  solution in 
various proportions through the  H2S04/NaC103 weight  ratio range of 0.5 
to 8.9, a crystalline precipitate was formed  in every case.     The 
mixture was more strongly yellow when the chlorate was added  to the 
acid  than vice versa.    The filtered precipitate from the reaction 
carried out at  the  H2S04/NaC103 weight ratio of 6.8 at 30°C. was found 
to contain 0.4$ sodium chlorate and  no  sodium perchlorate.     This 
corresponded  to an 0.8$ loss  of the sodluii chlorate charge.     The 
precipitate was composed of sodium bisulfate,  sulfuric acid and water, 
which was mostly held as water of hydration.    The choice  of an 
H^SO^/KaClO-j weight ratio cf 6.8 used in the following experiments 
with 83$ sulfuric acid was made on the basis of completeness of 
precipitation of sodium ion on mixirg acid and chlorate, general 
observations  on carrying  out the precipitation reaction,  and greater 
safety in diluting the chlorate with a relatively large amount of 
sulfuric acid. 

- Zk - 



In view of the small lost of chlorine compounds in the bisulfate-acid 
ft precipitate, it was proposed to carry out the reaction of 83# sulfuric 

acid and sodium chlorate solution (650 g./i.) in two steps. Tirst, the 
acid and chlorate solutions would he mixed, with the temperature main- 
tained near that of room. Then, the precipitate would he filtered off, 
and the filtrate passed through the heated packed column reactor in the 
same manner as described above for a ?0$ sulfuric acid-sodium chlorate 
solution mixture. Tables XII and IIII show in detail the data and cal- 
culated results for three typical experiments on the disproportionation 
of sodium chlorate with 83$ eulfuric acid in a packed column reactor by 
the abore procedure. Satisfactory conversions (29-3<#) of sodium 
chlorate to perchlorate were obtained, and the absorbed off-gases con- 
tained 79 to 89$ chlorine dioxide, remonstrating a high lerel of recov- 
ery of oxidizing values. The HjjSQif/flaClOn weight ratio in the above 
experiments was 6.8. 

Based on laboratory experience with the above two stage process, the 
following detailed procedure is recommended for laboratory scale pre- 
parations handling up to one pound of sodium chlorate: 

Add the sodium chlorate solution (650 g./l.) at the rate of about 
4 to 6 ml./min. to the 83^ sulfuric acid contained in a closed 
vessel. Maintain the reactor temperature at 35*-**0°C., and con- 
tinuously flush the reactor vapor space with air or nitrogen at 
1 to 2 l./min. Pass the reactor gaees through a train of at least 
three absorbers, each containing 250 ml. of 100-200 g./l. sodium 

<» hydroxide to remove all oxidising values, and having a sintered 
glass gas washing inlet tube. Keep the caustic absorbers cooled 
in a water bath to 20*-25*0. In approaching saturation or neutral 
point of a given absorber solution at the head of the absorption 
train is Indicated by the appearance of successively darker shades 
of amber color in the solution. VLan the solution has reached a 
moderate but not dark amber color, remove the absorber from the 
line, and simultaneously add a fresh absorber at the end of the 
train of absorbers. Check the pH of the saturated absorber solution 
and add concentrated sodium hydroxide solution or pellets to main- 
tain pH 8 or higher. 

A nero uniform reaction is promoted by keeping the reactor slurry 
constantly agitated by a low speed paddle type stirrer. After all 
the sodium chlorate solution has been added, allow the reactor 
temperature to drop slowly to that of room, but maintain the air 
or nitrogen flushing and stirring for one to two hours to sweep 
out dissolved oxidising gases. Chill the mixture slowly and with 
stirring to 15°-2C#C., and vacuum filter while cold through a sin- 
tered glass filter funnel. Maintain a bleed of air or nitrogen 
through the filter flask to sweep out oxidising gases through the 
same train of caustic solution absorbers as was used in the above 
mixing operation. 

•c* 

I; 
I 

niter the BaHSOiy-HzSOij, cake as dry as possible}  remove from the 
filter, and place in a vacuum desiccator for farther drying,    the 
filtrate is then passed down through the peaked column reactor, 
following the procedure described in Section. 2b and Figure 1 of this 
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r report. K  charjing r«.te of 'j-G  ml./min. and an air or nitrogon 
flushing rr.to of 0.>-l.Q l./min. lias been found suitable.  Saturate 
the air or nitrogen with HJJO at 5°°C« and heat to 100°C. "before 
Introduction Into the bottom of the column. Pass the column off- 
gaBBK through the samo train of caustic solution absorbers as was 
used In the above two operations. 

A 30$ conversion of sodium chlorate to perchlorate may be obtained 
by a single pass of the filtvate through the column at an average 
external vail column temperature of 110*C.  The slight yellow 
color in this product nay be removed by a second pass through the 
column at an external wall temperature ef about 1^0*-150° 0. 

The recovery of perchlorate from the product solution is described 
in Part ^ of the Laboratory Study Seotion of this report, and the 
recovery of oxidised chlorine valuee from the absorber solutions 
in Part 5. 

3.    Effect stLJZa&alaiSa an tha Acid, paapreporticnaUQa of So&iujn Chlorate 
in a Pot-Type Reactor 

The purpose of this phase of the work was to determine if the acid dia- 
proportionation of sodium chlorate could be catalyzed to give higher 
conversion of sodium chlorate to 9odium perchlorate and also to so9 
if the oxidizing level of the cases swept out of the reaction solution 
could be changed. 

*> 
This study was carried out in a pot type reactor (a 250 ml. gas washing 
bottle) containing 70}° sulfurlc acid and the catalyst.  Sodium chlorate 
solution was introduced from a burette into the reactor. A stream of 
nitrogen swept the yellow £aseB from the reactor through two 250 ml. 
gas washing bo\,„les containing sodixim hydroxide solution.  See Figure 2 
for diagram of apparatus. 

To carry out the acid disproportionation of sodium chlorate, 9° ml. of 
70$ sulfurlc acid was placed in the reactor together with the catalyst 
(10$ by weight of the sodium chlorate used on a solid basis). Then 
38.5 ml. of sodium chlorate solution (650 g./l.) was slowly added at a 
rate from 0.8 to 1.^ ml./min. with continuous nitrogen flushing through 
the reactor and sodium hydroxide scrubbing solutions (200 g./l. SaOH, 
first scrubberi 100 g./l. NaCH, second scrubber), at about 1/3 l./min. 
After all of the sodium chlorate solution had been added, the temperature 
of the reactor was slowly raised to between 90*  to 95#C over a 1.5 to 
1.75 hour period. The reaction temperature (90*-95*) * * maintained 
for about 3 hours. Nitrogen was flushed through the system continuously 
to prevent the build-up of high concentrations of chlorine dioxide in 
the reactor. At the end of the 3 hour period the apparatus vai dis— 

ii mantled, nitrogen flush etopped and the reactor solution allowed to 
cool. The solid catalyst remaining was filtered from the reactor solution 
and the solution analysed. The caustic scrubber solutions were also 
analyzed. Results are shown in Tables XIV and XT. 
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Of the catalysts tried, namelyj  lead dioxide, manganese dioxide, 
ferric oxide, magnetite, copper aulfate, ferrcrua sulfate, nickel 

y aulfate and manganous arulfate, none appreciably increaaed the con- 
\ version of aodium chlorate to aodium perchlorate or changed the 

oxidizing level of the absorber aolutions from that obtained without 
the use of catalyat.  In fact, manganoua sulfate and magnetite ac- 
tually gave lower conversions of chlorate to perchlorate. 

K      q»<?9Ytry of gSB&lflgSte 

The following methods of recovering perchlorate from solutions 
resulting from the disproportionation of chlorate in strong acid 
aolution if ere considered: 

(1) Fractional crystallization of sodium perchlorate. 
(2) Addition of anhydrous EC1 to precipitate sodium 

ion as sodium chloride, filtering, and heating 
to drive off excess EC1. Pure perchloric acid 
should remain when it is used a6 the strong acid 
in the disproportionation of chlorate. 

(3) Same as (2) except vacuum distillation will be 
necessary to separate p^rihloric acid from the 
oonoentrated sulfuric acid wh'-u aulfuric acid is 
used as the strong acid in the disproportionation 
of chlorate. 

(*V) Vacuum distillation of perchloric acid from solutions 
resulting from the disproportionation of chlorate 
in strong sulfurio acid.  Even if this is possible, 
sodium will remain behind in the still residue as 
sodium acid aulfate.  This salt may be removed by 
oooling the still residue, but some acid values 
would then be lost. 

(5) Precipitation of potassium perchlorate or ammonium 
perchlorate by the addition of potassium aulfate or 
ammonium sulfate. 

tyethod (l) (Fractional crystallization of sodium perchlorate) was 
shown to be impractical with sulfuric acid-sodium chlorate product 
solution, since aolubility atudies indicated that sodium perchlorate 
was too soluble at 0®C. in sulfuric acid solutions to be crystallized 
out of solutions of the low perchlorate concentration resulting from 
the disproportionation of chlorate in concentrated aulfuric acid solu- 
tion,, Perchloric acid-sodium chlorate product solutions showed more 
promise with this method. A liter of disproportionation product was 
formed using 71$ perchloric acid instead of aulfuric acid.  Sodium 
perchlorate vaa precipitated by chilling the product solution. At 
2«C.» the sodium perchlorate crystal crop was 1,4 times the reaction 
yield from sodium chlorate.  It thus seems desirable to control the 
crystallisation temperature so as to remove only the sodium perchlorate 
formed in the disproportionation reaction and to remove the excess 
sodium ion as sodium chloride by adding anhydrous HC1. All the 
carrier perchloric acid may then be recycled after suitable recon- 
centration. Alternatively, all the sodium ion may be precipitated 
and product per rhloric acid separated. The perchloric acid would 
have to be distilled should a higher concentration than the product 
solution (approx. 60$ HC10]*) be desired. 

V 
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» Method (2) (Addition of anhydrous HCl) was not 
thoroughly studied, Eowovsr, prelLrdnary erperlmonts indicated 
that about 7<yf  of the sodium Ion remaining in the filtrates from 
the ammonium and rotasslum perchlorata precipitations may "be 
precipitated as r.odiun chloride from the sulfuric acid solution 
by Bat\a*.ating it vith anhydrous HOI. 

Methoi(3) was not experimentally studied. 

Method Ok)   (Yacuum distillation of perchloric acid) has been 
shown to be practical. By working with a synthetic reactor 
solution of the following composition: 

KaOlCVHgO -  90.2 grarne 
!Ta2S0k    -  91.0 grams 
H2SO/4.C95.556)- ^35 ml3. 
H2O      -  572 mis. 

Total Volume - 1000 mis. 

it war fo-JSid that 95/' °* the porchlorate could be recovered at 
perchloric acid by -vacuum distillation. In a typical run 
250 mi. of tho synthetic ro;:.etor solution van charged into 
a standard distillation apparatus. Jo prevent bumping and the 
formation of solid hydrntes of perchloric acid steam was slowly 
bled Into the boilor thror^ii a capillary tube. At a vacuum of 
b*»twean 2? and 27-1/2 inches the first condensate of water was 

I observed betwoen M.°C. and ^5+C.  vapor temperature. This water 
cut was removed fro.-, the liquid receiver and the rtill temperature 
slowly raigor!. At a pot temperature of 128°C. and a vapor 
temperature of ?2°C, porcMorlc acid started to distill over and 
vrne complete* when tho pot ranched 196°C and a vapor temperature 
of 1160c. This cut of 36.5 i?a. '•.•as found to be k\.($  perchloric 
acid and 2.9» sulfuric acid.  The residue of 206,5 gm. was found 
to be 95.1'£ sulfuric acid (baead on S% *>  content) with 2$ 
perchloric acid. 

Method (5) (Precipitation of perchloratee) is the frvored 
method for recovery of potassium perchlorate from product solutions. 
More research effort was expended, on developing this method 
than on the other methods. 

In the first procedure used, about Bb$>  of the perchlorate 
present in the disproportionation reactor solution wag recovered 
as ammonium and potassium perchlorate. 43$ of the perchlorate 
was recovered as the ammonium salt and 41J6 as potassium per- 

j chlorate. Ammonium and potasaium chlorides were used as the 
precipitating salts. In the second procedure tested, the uee of 

i sulfates instead of chlorides of ammonium and potassium resulted 
'.}   . in elimination of foaming daring the reaction, and 85/G of the 

product solution perchlorate was recovered. In the above two 
procedures, IOO56 excesses of ammonium and potassiua salts were 
used. The presence of the excess ammonium and potassium ion 

m in the solution after precipitation of the product perchlorate 
would be undesirable on a commercial scale, since this depleted 
product solution would be recycled for its acid content. 
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The following procedure was developed in which the overall 
excess of ammonium and potassium salts was 20$, the amount of 
wash water was decreased and slurrying was eliminated.  By 
this procedure, 81.2$ of the product solution perchlorate 
was recovered as ammonium (^9.3$) and potassium (31*9$) per- 
chlorates.  These perchlorates contained some sulfate which 
would have to "be removed "by a recrystalllzation. 

Halllisftllflfl #1 

For every mol of sodium perchlorate in the product solution, 
slowly add O.it- mel ammonium sulfate as the dry salt to the 
product solution maintained at 50°C, When all solids have 
been dissolved, cool to 2*C, and vacuum filter while cold 
through a sintered glass funnel. Wash the precipitate with 
ice water, us ins: l/lOOth of the original solution volume, 
first breaking the vacuum before adding the wash water. 
Filter quickly and vacuum dry the precipitate in a desiccator 
containing anhydrous calcium sulfate. 

To the above combined filtrate heated to 50«C, Blowly add 
0.2 mol of potassium sulfate for each mol of sodium perchlorate 
present in the original product solution.  When all solids 
have been dissolved, cool to 2*C, and vacuum filter while 
cold through a sintered glass funnel. Wash the precipitate 
with ice water using l/l50 of the original solution volume, 
first breaking the vacuum before adding the wash water. 
Filter quickly and vacuum dry in a desiccator containing 
anhydrous calcium sulfate. 

In the following procedure, all of the perchlorate in the product 
solution was recovered in one precipitation SB the potassium 
salt, and only 10$ excess potassium sulfate was used. By this 

simplified procedure, 88.5$ of the product solution perchlorate 
was recovered as potassium perchlorate.  This potassivim perchlorate 
contained some sulfate which would have to bo removed by a re- 
crystallization. 

HaAUloaUfla & 

For every mol of sodium perchlorate in the product solution, 
slowly add O.55 mol potassium sulfate as the dry salt to the 
product solution maintained at 50*0. When all solids have 
been dissolved, cool to 2»C, and vacuum filter through a 
sintered glass funnel.  Slurry the precipitate with ice water 
using l/80th of the original solution volume. Filter quickly 
and vacuum dry the preoipitate in desiccator containing an- 
hydrous calcium sulfate. 

88.2$ of the product solution perchlorate was recovered as 
potassium perchlorate by a Modification f5 recovery method similar 
to Modification #b above, except that only kjt>  excess potassium 
sulfate was ueed, and the wash water used was l/50th of the 
original solution volume and was added at roomt emperature, the 
mixture then being cooled to 2»c. for filtering. By recovery 
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method Modification #6 which was similar to #5, except that 
the product precipitate waB water slurried twice, 85.7$ of the 
product solution parchlorato was recovered ae potassium per- 
chlorata. The extra water slurrying with Modification #6 re- 
duced the sulfate content of the product to leas than one-half 
that obtained with #5> 

5-  RacoTary of Oxidized Chlorine Values 

The volatile off-gases resulting- from the disproportionation 
of sodium chlorate \n  concentrated sulfuric acid were absorbed 
in aqueous sodium hydroxide (100 g./l. or 200 g./l.). These 
gasss consisted mainly of chlorine dioxide, chlorine and oxygen 
with somfl porchlorate mist, and when absorbed in aqueous sodium 
hydroxide/were converted Into sodium chloride, Bodium hypo- 
chlorite, sodium chlorite, sodlua chlorate and sodium perchlorate. 
The compositions of such absorber solutions resulting from the 
acid disproportionation of sodium chlorate are discussed in 
detail under part 2a of the Laboratory Study section of this 
report, and were found to vary somewhat from run to run depending 
upon reaction conditions. 

To convert these degraded ohlorine compounds to sodium chlorate, 
which could then be recycled to the acid disproportionation colon, 
•everal methods wore considered: 

1. Electrolysis in a sodium chloride-sodium chlorate type cell 

2. Addition of more sodium hypochlorite and adjustment of pH tc 
between 6 and 9, to favor the reaction: 

NaCl02 + NaClO  * XaClO-j + NaCl 
;3. Catalytic dis-nroportdonation of sodium chlorite to sodiuB 

chlorate and sodium chloride. 

At tho electrolytic method uslnjj exist lag plant equipment appeared 
to bo the moat promising, the main effort was directed toward 
the electrolytic conversion of these absorber solutions to sodium 
chlorate, while only preliminary work was done on th- last two 
methods. 

a. Electrolysis of Absorber Solutions in a Sodium Chloride- 
Sodium Chlorate Trna Call 

Work with synthetic SpJaUaas 

- At this time quantitative analytical methods had not as yet 
been developed to determine the amount of sodium chlorite 
remaining in electrolyzed sodium chlorite solutions. So it 
was decided to electrolyze synthetic absorber solutions with 
definite NaC102 make-up, and obtain X-ray analysis of the 
solid electrolyzed products. 
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Four preliminary runB were made using graphite and platinum 
iridium (10$) anodes and elec^rolyzing synthetic abborber 
solutions consisting of aqueous sodium chlorite and sodium 
chlorite-sodium chloride mixtures at 26-5°C.  in these ex- 
periments, no attempt was made to control pH and no mechanical 
agitation of the electrolyte was used.  The calculated current 
efficiency varied from 30 to 90$ hut nevertheless sodium 
chlorate was formed, and no large amount of sodium chlorite 
remained a? shown by X-ray analysis (chemical analytical 
methods, then used, would not distinguish between sodium 
chlorite and sodium chlorate).  These results are Bhown in 
Table X7I.  In the electrolysis using platinum-iridium anodes, 
a dark brown layer formed in the electrclyte which at first 
was assumed to be unstable, explosive higher oxides of 
chlorine, but after continued electrolysis the entire elec- 
trolyte became water white. 

After it becnme clear that these cells wen not dangerous, 
it was decided to control th*» p!! of the electrolyte manually 
by the addition of 37-38 weight percent hydrochloric acid. 
To obtain uniform composition of the electrolyte, the cell was 
equipped with a mechanical stirrer.  According to the results 
shown in Table XVII, electrolysis in slightly alkaline elec- 
trolyte at 0° to 8°C.,5Bve a somewhat iowar current efficiency 
(from 52 to 63$) than slightly acid electrolyte (from 63 to 
79$). using graphite anodes.  Although sodium dichromate is 
used in commorcial chlorate cells, the addition of k  g./l. 
of sodium dichromate to the sodium chlorite-sodium chloride 
electrolyte apparently did not increase ths current efficiency. 
Chemical analytical methods were developed to determine sodium 
chlorite as ?uch and none was detected. 

-he erosion rate of a new graphite anode increased from 2 lbs. 
to 25 lbs. of anode eroded per ton of chlorate formed after 
four runs.  When a magnetite anode was used undsr similar con- 
ditions, the erosion rate was found to be about 7 lbs. of 
anode eroded per ton of chlorate formed. 

VgrK &U& Absorber SolntlQflB 

Three absorber solutions in vhich the caustic content had 
been neutralised by the absorption of off-gases from the a aid 
disproportionation of one (l) lb. of sodium chlorate were 
combined, fortified with more Bodium chloride and sodium di- 
chromate added (h  g./l. of J^C^On'ZHgO). After electrolysis 
in a chlorate-type cell with a graphite anode, the resulting 
electrolyte analysed about *+00 g./l. of sodium chlorate and 
about 111 g./l. of UaCl with only a trace of NaClO? found. 
The current efficiency was about 63$ with about 93$ recovery 
of the solid material after electrolysis.  On electrolysis of 
a similar a'ueorber solution from another disproportionation 
experiment, the electrolyte analysed ^5° g»/l» of sodium 
chlorate, 88 g.fl. of KaCl, and 16.7 g./l.NaC102. The current 
efficiency was about 72$ with about 89$ recovery of the solid 

material after electrolysis. Details of these electrolyses are 
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shown in Table XTIII.  The dlsproportionation experiments 
from which the above absorber solutions were obtained are de- 
scribed in Tables XIX and XX and part 6 of the Laboratory 
Study section of this report. 

b. Addition of More Sodium Hypochlorite and Ad-lustment of vE 

Some preliminary work was done on the reaction between sodium 
chlorite and sodium hypochlorite to form sodium chlorate and 
sodium chloride. 

J. F. White, M.C. Taylor and G-.P. Vincent (3) found that t.;e 
reactions of a solution containing both a chlorite and hypo- 
chlorite depend upon its pH.  In very alkaline solutions, 
mixtures of chlorite and hypochlorite ionB undergo little 
reaction in a period of hours. At low alkalinity (pH from 
6 to 9), where hypochlorous acid is also present, a chlorate 
and chloride are rapidly formed, sometimes accompanied by a 
trace of chlorine dioxide.  The overall reaction isv- 

Na0102 + NaClC > NaClO-j + NaCl 

However, in all acid solutions, (pE from 2 to 6) chlorine or 
a hypochlorite causes the chlorite to disappear immediately 
upon mixing, chlorine dioxide being formed. 

Thus it was thought that if the direct electrolysis of absorber 
solutions containing chlorite was unsuccessful, a possible 
solution to the problem would be treatment of the absorber 
solutions containing chlorite with hypochlorite or chlorine 
to form a solution containing chlorate and chloride, followed 
by conventional electrolysis in a chloride-chlorate type cell. 

In the series of preliminary experiments solutions of sodium 
chlorite and sodium hypochlorite (also containing sodium 
chloride, since the solution was prepared by passing chlorine 
gas into sodium hydroxide solution) were adjusted to pH values 
of about 6, 7, 8, 10 and 12. Then the solutions were mixed in 
quantities such that Btoichiometric amounts of sodium chlorite 
and sodium hypochlorite were present. The resulting solutions 
after standing overnight were evaporated to a white solid on 
a sloan bath using vacuum. 

X-ray analysis of the five runs indicated incomplete reaction, 
since NaCl, KaC102 and NaClOo were present ir. the final product. 
Evidently an equilibrium condition existed: 

NaC102 + NaCIO ^Zll  NaClO^ + NaCl 

An excess of sodium hypochlorite might give more chlorate, con- 
suming all of the chlorite. 

Since electrolysis of absorber solutions in a chlorate-type 
cell has proven successful, further effort in this direction 
was abandoned. 
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c. Catalytic Dlsnroriortlonation of Sodium Chlorite to S; 
Chlorate and Sodium Chlorido 

Richard W. Brown {?.)  reported that aqueous chlorine dioxide 
hydrolyzed into chloric and hydrochloric acids at 96»5°C. 
when a catalyst was present.  These catalyzed aqueous chlorine 
dioxide solutions becano stable after about 16 hours at 96.5°C. 
(about bQjb  hydrolyied).  The catalyst apparently is produced 
by overheating an impure grade of potassium chlorate when pre- 
paring; chlorine dioxide by the reaction of chlorate and oxalic 
acid. 

It was thought that perhaps sodium chlorite oould be cataly- 
tically disproprortionated into sodium chlorate and sodium 
chloride at about 1C0°C.S 

3NaCl02  V 2NaClC>3 + NaCl 

Some exploratory test tube experiments were tried, adding 
various metallic ions to a sodium chlorite solution of known 
concentration, but no experimental data of any value was ob- 
tained. 

Further study in this direction was abandoned, since electroly- 
sis of absorber solutions in a chlorate-type oell has proven 
successful. 

6.  Large Scale Laboratory Preparations with Packed Column Reactor. 
and Projected Qrclic Process 

a. Large Scale Laboratory Preparations. 

Following the procedur? developed for carrying out the dis- 
proportionation of aodiuri chlorate with Qji  sulfuric acid as 
outlined at the end of part 2(b) of the Laboratory Study 
section of this report, two large laboratory scale runs 
(#111 and #113) wore m   J in each of which the charge was 
one pound (^Og.) of soaiun chlorate.  Tables XIX and XX 
show the complete data and results of theso experiments. The 
conversions of codium chlorate to perchlorate were respectively 
2^.5$ and 29.9$. and the absorbed off-gases contained respec- 
tively 90.6£ and 91.6# chlorine dioxide, (9.^ and 8.^ Cl2), 
showing a high level of recovery of oxidizing values. Table XVIII 
and part 5 of the Laboratory Study section of this report give 

I the details of the successful chlorate cell electrolyses of 
I these caustic solution absorbed off-gases toreform sodium 
.; chlorate which would be recycled in a continuous process. 

The recovery of perchlorates from the product solutions of 
these runs is cove  i in part U of the Laboratory Study seotion 
of this report under Modifications #3 to #6 of the ammonium 
and potassium perchlorate precipitation methods. By the pre- 
ferred method, product solution perchlorate was precipitated 
with b  to 10$ excess potassium sulfate giving an 8856 recovery 
of potassium perchlorate. 
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Material "balances were made on these two rune to show 
a 'breakdown of the consumption and loss of sodium chlorate 
In the process. 

The resultB are tabulated In Table XXI, and show that the 
total consumption and lose of sodium chlorate was 1.7 to 2.2 Kg. 
for each kilogram of sodium perchlorate produced.  Of this 
amount, 1.16 Kg. NaC10-j was theoretically required.  The smaller 
losses in Experiment #113 represent improved operational tech- 
niques over Experiment #111, and more nearly indicate what 
might be expected in large scale operations. 

b. Projected. Czsllfi EEasan &a& Qsai SftUaa^ 

Preliminary to the preparation of the cost estimate, it was 
necessary to prepare on paper a projected cyclic process based 
on batch operation data with the packed column reactor.  Figure 
No. 3 ahows this projected cyclic process based on the data of 
experiment #111. A somewhat more efficient process would have 
resulted from the higher yield data of experiment #113 which, 
however, were not available at the tine.  Thu9, the process 
shown and the cost estimate based upon it may be considered 
to be on the conservative side. 

A cost estimate on the disproportionation proceBs based on the 
results of experiment #111 was prepared.  The estimate was 
made on the basis of a plant producing 10,000 tons per year 
of potassium perchlorate. A total cost of 20.2^/lb. KCIO^ 
was found by the disproportionation process as compared to 
].4.0^/lb. KCIO^ by the electrolytic procesB using platinum 
anodes. Details are given in Appendices A and B of this 
report. 

At the conclusion of this research, a request WHS received 
from ONR for a coat estimate based on recovering ammonium 
perchlorate product.  The solubility of ammonium perchlorate 
is greatar than potassium perchlorate, and BO it's  recovery 
by precipitation from the disproportionation product solu- 
tion would not be as efficient. Therefore, it was concluded 
that the most practical and economical method would be to 
first remove 95$ of the perchlorate from the disproportiona- 
tion product solution as perchloric acid, by vacuum distil- 
lation , (see Page 33). and then react the recovered 4 2^ per- 
chloric acid <ith anhydrous ammonia. The pure ammonium per- 
chlorate would then be completely recovered by evaporating 
the solution tc dryness. Based on this recovery method, 
the cost of ammonium perchlorate when produced in a 10,000 
ton per year plant was found to be 21.5^ per lb. NH^CIO^. 
Details of the cost estimate are given in Appendix C of 
thiB raport. An outline of this procedure for the recovery 
of ammonium perchlorate product In the acid disproportiona- 
tion process is shown in Figure 4, and is based on the same 
scale of operation as the cyclic process shown in Figure 3 
with changes only in the treatment of the product solution. 

44 -. 



. 

I 
1 

• 

SABLE xxi 

MAT'^RIAL BALANCE ON SODIUM CHLORATE IN ACID 
DISPROPORTIONATION PROCESS 

BASIS - 1 Kg. Sodium Perchlorate (NaClO^) 
Produced 

EXPERIMENT NO. 
Ill 113 

Product - NaClO^ consumed in forming 
NaClO^, Kg. 1.16 1.16 

Process Loos, decomposition of CIO2 
and handling, Tig. 1.05 0.55 

Recovery, C10£ off-gasee and unreacted 
NaClO-3, Kg. I.36 1.23 

j  Charge, sum of NaClC-j in Product, Process 
Leas and Recovery, Kg. 

1 

3.57 2 = 9'+ 
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RECOVERY OF AMMc.:rjM PERJHLQRAT; I:: TIE ACID 
Ok DISPR0PQRTI0KATION PROCESS 

Material to bo Pyoceasod 

Product Solution (Produced by cyclic process shown in Figure 3) 
Volume - 17.h  liters 

28 g. KaClOo 
999 g. Nacid4 
17.73 Kg. H2S0u CIOO56) 
9.16 Kg. H20 

0>J,0CU,T9a 

Remove 95'^ of the perchlorate as perchloric acid by vacuum distillation at 
27 inches mercury. React the recovered perchloric acid with anhydrous *m- 
iaonia to form ammonium perchlorate. 

1. At a vapor temperature of ^0*-50°C. (86°-112«C. pet temperature), 5.^ Kg. 
water are collected in the receiver and cold trap. Cold trap and receiver 
are drained, and pot temperature raised. 

2. At a vapor temperature of 92°-ll6°C. (128<>-1960C. pot temperature), a per- 
• chloric acid cut is collected in the receiver. The volume is IV30 ml., 

weighing I865 g. and analysing M.6# KGIO^, or 777 g- HCIO4,. ^09 ml. 
water are collected at the same time in the cold trap. 

3. The residue in the distilling pot then is 
Volume - 11.0 liters 

28 g. NaClO-j 
50 g. NaClOlJ 
17.35 Kg. H2S0^ 
2.22 Kg. H20 
.55 Kg. Na2S0^ 

.- 
§As this residue is cooled to roomt emperature, a precipitate of 865 g. 

KaHa (S0i+)2
,H20 ia formed.  This acid eulfate precipitate is filtered 

off and combined with a similar filter cake obtained on the mixing of 
j| 8356 sulfuric acid and sodium chlorate solution. 

£•. 1*.  The acid filtrate 
&' Volume - 10.5 liters, approx. 89# E^SO^ 

28 g. HaClO* 
50 g. NaClOi^ 

if 16.81 Kg. HgSO^ 
'1 2.15 Kg. H20 
I .29 Kg. S^SO^ 

it  combined with 7.55 Kg. 96$ H2S0iv (66»Be) and 2.^8 Kg. water to form 
16.5 liters of 83$ sulfuric acid for recycle in the disproportionate 

1 process. 

I 5,  Ammonium perchlorate Is formed by bubbling 138.3 g. (5$ excess) 
$;.' anhydrous ammonia through the *H.6# perchloric acid, and evaporating 
I the solution to dryness to form 909 g. ammonium perchlorate product. 
J 

• 
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SOLUBILITY OF SODIUM SULFATE III SULFURIC ACID 
AND WATER AT 25«C. (12) 

Basin - 10C0 grama of the solution contain: 

Mo Is 
SO^Cor HjSO^) 

5.91 
6.30 
6.64 
6.90 
7.36 
7.74 
7.82 
8.12 
8.29 
8.40 
8.70 
3.86 
8.93 
8.93 
8.93 
8.84 
8.73 
8.70 
8.62 
8.62 
8.61 
8.87 
8.93 
9.08 
9.36 

Molt 
Na2S0/j, 

0.409 
0.332 
0.297 
0.173 
0.071 
0.04-7 
0,044 
0,037 
0,042 
0.046 
O.076 
0.156 
0.259 
0.269 
0.273 
0.527 
0.681 
0.808 
O.834 
0.844 
0.899 
0.445 
0.437 
0.394 
0.425 

Solid Phase 

KaHSO/j. 

HaHSOif •* SaRjiSOj^'B^O 
HaHoCSQi^g.HgO 

HftH 
Ha2! 

(Unstable) 
(Unstable) 
(Unstable) 
(Unstable) 
(Unstable) 
(Unstable) 

(S0,J«,*H,0 + HaaSO^'^l/^SO^ 
04 xm 2S04 

'.• 

S3 

W 
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£| It is recognized that potassium perchlorate could also be 
• produced by reacting potassium hydroxide with perchloric 

acid which had been vacuum distilled from the disproportiona- 
tion product solution.  Just as for ammonium perchlorate above, 
this pota slum perchlorate would be free of sulfate and re- 
quire no further processing other than evaporation of the 
solution to drynase.  The cost of potassium perchlorate by 
this recovery method is estimated to be no higher than by 
precipitation from the product solution. 

A necessary requirement for a workable cyclic process is the 
recovery and recycling of the sulfuric acid solution remaining 
after precipitation of the product perchlorate aa the ammonium 
or potassium salt, A possible build-up of the concentration 
of sodium ion brought in with the sodium chlorate would have 
made necessary the discarding of all or part of this acid 
filtrate.  However, due to the fortuitous minimum solubility of 
sodium sulfate in sulfuric acid solutions in the concentration 
range used in the disproportlonation process, only a minor 
amount of sodium ion remained in the acid filtrate after product 
recovery. A larsre amount of the sodium was removed in the 
birulfate-acid filter cake formed in the initial mixing of 83jt 
BUlfurie acid and sodium ohlorate solution (650g./l.).  An 
additional amount of sodium is removed in the projected cyclic 
process as a bisulfate-acid precipitate when the acid filtrate 

A from the perchlorate product is reconcentrated by partial water 
W evaporation prior to refortiflcation with 20$ oleum. Table XUI 

gives the solubility of sodium BUlfate in sulfuric acid and 
water at 25*0.  The concentration of sulfuric acid at various 
stages in the disproportionation process when starting with 83^ 
sulfuric acid falls in the range of 6.9 to 8.2 mols. ^SOlf per' 
1000 grams of solution, in which range the corresponding solubilitj 
of sodium sulfate is C.17 to 0.04 mols per 1000 grams of solu- 
tion. 0.0*+ mols Ha2S04 per 1000 grams of solution is the point 
of minimum sodium sulfate solubility. 

c. Safety Precautions 

Safety precautions must be a prime consideration in carrying 
out the acid disproportionation process, especially on a com- 
mercial scale.  Foolproof measures must be taken to prevent 
the formation of explosive concentrations of chlorine dioxide 
in the vapor state and high concentrations in the acid-chlorate 
solution. The literature has no statement on the explosive 
nature of aqueous chlorine dioxide solutions in the presenca 

- 
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of other substances.  In thia laboratory 14J, no explosions 
• ware observed whon aqucious solutions of chlorine dioxide 

ranging from 25 to 5<$ were tested for stability by adding 
Tarioua organic substances, hydrogen peroxide, 1(# ferric 
chloride solution and concentrated hydrochloric acid, and also 
by subjecting the chlorine iioxide solutions to ultra-violet 
rays. However, chlorine dioxide solutions may still be po- 
tentially dangerous, and high concentrations should be avoided. 

The chlorate solution should be added in a slow drip to con- 
centrated sulfuric or other acid with a continuous bubbling and 
flushing of air or other inert gas through the solution to 
sweep the chlorine dioxide as fast as formed out of the reactor 
vassal. In event of stoppage of gas flushing for any reason, 
thera Bhould be provision for automatic opening of the vessel 
to a vent stack and a copious auxiliary supply of flushing 
gas through the reactor solution. The mixing of chlorate and 
acid solutions should preferably be carried out in a aeries of 
relatlvolv snailraactors rather than in one large vessel. 
Glass or ceramic lined equipment is recommended in preference 
to any of the comnon metala. Linings of certain of the inert 
plastic materials might prove practical. 

High concentrations of chlorine dioxide gas are known to be 
violently explosive. It is industrial practice to maintain 
the partial pressure of chlorine dioxide below 30 mo. of mercury 
by diluting the gas as formed with air.  The industrial handling 

• of chlorine dioxide at this dilution has been reported (5) 
quite safe.  Therefore, in any of thi- cperations of the dit— 
proportionation process, such aa mixing, filtering, or column 
percolation, provision oust be made for adequate dilution of the 
released chlorine dioxide gas with a flushing stream of air or 
other inert gas. 

All chlorine dioxide containing gas streams should be passed 
through caustio absorbing solutions of 100 to 200 grans KaOH 
per liter. Warning of an approaching chlorine dioxide satura- 
tion of the absorber solution is given by the appearancelof 
successively darker shades of amber color. Vhen the solvNton 
has reached a moderate but not dark amber color, it should be 
removed from the train of absorbers* Acid or neutral solutions 
of chlorine dioxide are unstable and possibly explosive, 
therefore, the pH of the saturated absorber solution should 
be immediately chocked and adjusted to pE8 or higher.  Con- 
tinuous pH measurement of the caustic absorber solutions 
and their removal from the train at pH8 to 9 would be preferable 
on an industrial scale. 
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B.  Background Information 

1.  Literature Survey 

The decomposition of chlorates by strong acids has beer, known for 
many years, hut very little study has been given to the reaction. 
Following the early observations of Stadion, Penny and Millon in the 
early 1800's, no work appears to have been done until 1922 when Lenher, 
Stone, and Skinner (6) gtudied the action of a number of acids.  The 
reaction with BUlfuric acid was reported to yield perchlorate and 
oxides of chlorine (principally the tetroxide).  It was stated that 
this reaction could be carried out without danger hy adding the sulfuric 
acid slowly and preventing the reaction mixture from becoming warm. 
Yields with various acids were given as followsr- 

H2S04 cone, 50 cc./2-5g. KCIO3, 5 hrs. - 11$ 

HNO, cone, repeated evap. on steam bath - 30$ 

H3PO4, 85$, boiled - 15$ 

OrOrj with enough water to effect solution - 11$ 

Formic aoid ) decomposed KClOo but 
Trichloroacetic acid ) 
Hydrofluoric aoid ) yielded no perchlorate 
Hydrochloric acid ) 

Chloric acid 
Pereulfuric acid 
Permanganic acid, 20$ 
Arsenic acid, 50$ 
Acetic acid, glacial or dilute 
Monochloroacetio acid 
Oxalic acid, saturated 
Tartaric acid, 25$ 
Lactic acid, 25$ 

did not decompose KCIO3 at 

the boiling teinperature 

Hanrpel, in U.S. Patents 2,489,571 through 2,^89,575 (l). discloses 
a cyclic process for producing perchloratas and chlorites of different 
metals by the action of a mineral acid (H2SO4, HJJOy H^PO^, EG10^, 
H2S17g or HT) on a chlorate In a chloride-free medium. The basic 
reaction (M»metal, R»acid radical) is 

2HR + 3MCIO3  » MOlOjj. + 20102 • 2MR f H2O 

In this reaction the yield of perchlorate, in the case of the sodium 
salt, would be NaClOj^/^UaClO^ • 38.3$, equivalent to a 33.3 weight or 
mol percent conversion of Bodium chlorate to perchlorate. However, 
the chlorine dioxide can be absorbed in an alkaline solution as follows: 

\ :••• 

-A 1 
t 20102 • 2M0H ——> MCIO3 • MC102 • H20 

Thus, one mole of chlorats is recovered and the overall yield of sodium 

perchlorate would be SaClQ!»/2BaC103 - 57.^$, equivalent to a 50 weight 
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or mol percent corrrerBion of sodium chlorate to perchlorate.    By a 
• proper  choice of acid and by using the chlorates of two metal*  in the 

proper proportions, the separation of the perchlorate  from the other 
salt  formed can ho readily accomplished on the "basis of difference  in 
solubility. 

2HR + MCIO3 + 2M»C103  • MClOj^, + 2M«R •• 2C102 + H2O 

A similar expedient can he used in the chlorine dioxide absorption. 

2C102 + MOB • M'OH  > MCIO3 + M'C102 • H20 

In this process, the excess acid required for the chlorate decomposition 
would hare to he recovered and reconcantrated;   and since 33/& 0' the 
chlorate is not converted to perchlorate, a market or use for the 
chlorite would have to be developed. 

In a later series of patents,  issued to the Oardox Corporation,  O.A. 
Hampel and W.L. Korea (7)   in reacting EaOlO-j and E010., with E280j^ 
to form XCIO4,  0102 and HaHSOl*,  separated the latter solid components 
by filtration from the reaction liquid,  then treated the solid components 
with a limited amount of HjO at 25* to dissolve the NaHSOjj. and recover 
the solid KClOi*.    The filtrate is cofled to 6»t whereby HaoSO^lOE^ 
is tnrystallized out.    The mother liquor may be treated with Ha2Q0o 
or NaOE to convert  the residual H2S0j* to Ha2

s0if *•' recycling or 
evaporated to reoover E280^ in a concentrated form. 

^ O.A. Hampel recovered the chlorine valuet by reacting chlorine dioxide 
with equivalent amount ft of KCE and HaOH and obtainedJClO^ and anhydrous 
HaClOg by suitable crystallisation procedures (8);  or by'reacting 
chlorine dioxide with NaOH and KC1 to obtain ICIO^,  VaOl and anhydrous 
HaC102  (9);  and by reacting chlorine dioxide with a mixture of lime, 
I2S0i), and NagSOjj. to obtain K010-, and a mixture  of 95$ Ka0102 and 
5% OaSO^ (10). 

-. 
A continuous cyclic process in which a mixture  of sulfuric acid and 
sodium chlorate was reacted at a temperature between 55° &&& 60°C. 
primarily to produce chlorine dioxide weak in chlorine r ather than 
pr/rohlorate was reoently disclosed in the Oerman Patent Eo. 878,^86 
issued to Max Audoynaud (ll).    Since the object of this invention was 
to produce chlorine dioxide by bubbling a finely dispersed air or 
inert gas stream through the chlorate-sulfuric acid solution rather 
than to produce perchlorate, no figures were given on perchlorate 
yield.    However,   it was stated that for decomposing 531«8 kg. of sodium 
chlorate, 953 kg. of N2S04 (l0(# basis) was consumed producing 226.7 kg. 
of C102 (96JO and 10.2 kg. of Cl2 (*#).    The percentage of chlorate 
transformed into chlorine dioxide was 67.5$. 

The conditions and yields for this process correspond closely to those 
found for the acid disproportionation method for perchlorate.    The 
H2SCJt Cl00^)/EaC103 ratio for material consumed for the Oerman process 

is thus jffi-g " 1»79 where in this work the corresponding ratios found 

were 1.^5 and 1*53 ta large soale laboratory experiments.    The percentage 
of ehlorate transformed into chlorine dioxide was 67.5)6 in the Oerman 

. 

1 
t 

i - 52 - 



• 

process; in thin work the maximum percentage amounted to 62$.  (See 
part 6 of the Laboratory Study section of this report ) 
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2.  Patent SltuatlQn 

A patentability and infringement study wan completed on the projected 
process which is a cyclic process for acid disproportionation of raodi 
chlorate producing potassiua perchlorate or ammonium perohlorate. 

In the projected process, sodium chlorate and 83$ sulfurio acid are 
mixed in a "blender, sodium acid sulfate "being precipitated. The resulting 
mixture is subjected to vacuum filtration, with an air bleed to sweep out 
chlorine dioxide and chlorine, and a filter cake containing predominantly 
sodium acid sulfate and sulfurlc acid is removed. The filtrate is then 
passed through a packed column reactor in two passes, utilizing a tempera- 
ture of about 7°°C. on the first pass and 110°C. on the second pass.  The 
product solution is essentially a solution of sodium perchlorate, to which 
potassium sulfate is added, resulting in tho precipitation of pjtaso:,-jr» 
perchlorate, which is the desired product. 

In an alternative embodiment, the product solution may be subjected to 
vacuum distillation, resulting in removal of 95$ of the perchlorate as 
perchloric acid, which is then reacted with anhydrous ammonia to fo-r. 
substantially pure ammonium perchlorate. 

The off-gases fron the blender are absorbed in eodium hydroxide solution 
to produce a saturated gas scrubber solution containing sodium ihlorlde, 
sodium hypochlorite, sodium chlorite and sodium chlorate, this r.ixturo 
being subjected to chlorate cell electrolysis, with additional salt, to 
produce an electrolysed product containing sodium chlorate and podium 

J chloride. The sodium chloride is removed from the electrol ^od -product 
by crystallization, ana the sodium chlorate is concentrated and recycled 
to the blending step. 

Ho question of infringement of any unexplred U. S. patents appears to be 
involved in the operation of this prooess or in any of the component parts 
thereof, with the exception of the patent to Audoynaud, No. 2,61+1,528, 
assigned on its face to Mathleson Chemical Corporation, which discloses 
and claims a process of producing chlorine dioxide which comprises passing 
a current of finely divided Inert gas into a solution warmed to about 
55— 60«C. and consisting essentially of metallic chlorate in a concentrated 
mineral acid, which may be sulfurio acid, and recovering the resulting 
chlorine dioxide which has been released and removed from tho solution by 

i the action of the current of finely divided inert gas. While the temperature 
i in the blender in the projected process is stated to be 35-^*C». *t ie net 

* believed that this temperature difference would avoid infringement of the 
t s Audoynaud patent unless the patentee took a position during prosecution of 
! I his application which Is inconsistent with a broadening of the temperature 
\   | range in the claims to include the range of 35-/+0*C. However, the patent 

to Audoynaud presents no bar to the operation of the process. Thua, it 
i? I is disclosed in the patent to Harnpel, No. 2,^89i571f assigned on its face 
l>| 1 to Cardox Corporation, that an inert gaB is passed through a reaction 

chambor in which chlorate decomposition is being carried out in order to 
remove chlorine dioxide from the reaction zone. The gas may be, a,£*., air 
or nitrogen. Haopel also discloses that the temperature should "be kept 
below about 70°C., as above this temperature chlorine dioxide ma;; ber;in to 
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decompose thermally, and also discloses that although the decomposition 
temperature will vary with the concentration of the chlorine dioxide ir. the 
oarrier gaB, the lower the concentration, the higher the safe temperature 
limit. Rampel states further that the useful temperature range is from 
0°0. to about 70°C, the rate "being about four times as great at C0°2.  as it 
is at 25*C. Unless the patentee, Audoynaud (a resident of France], car. 
show an invention date in the United States prior to February l."\ 19u6, the 
filing date of the Hampel patent, it is believed that the Hampel patent con- 
stitutes an anticipation of the Audoynaud disclosure and olains and that 
the latter is therefore invalid. 

The most pertinent patent discovered, as regards the entire procesB, is the 
Hampel patent aforementioned, which discloses a cyclic process for producing 
perchlorates and chlorites of different metals, in which sither two chlorates 
or one chlorate and another salt are reacted with an acid, which may be 
sulfuric acid, while an inert gas, as previously noted, is passed through 
the reaction chamber in which the chlorate decomposition i* being carried 
out. The patentee discloses that the acid may be all fresh acid or part 
of it may be obtained by regeneration within the system. A high acii eon- 
centration is indioated in view of the statement that the reaction will 
nearly cease if the concentration is below 6(# and, in certain of the 
examples, sulfuric acid of 85$ concentration in employed. The temperature, 
as previously noted, 1B kept below 70*C. due to the adverse effects upon 
chlorine dioxide resulting from operation above this temperature. 

The patentee also discloses the separation of perchlorate from the salt 
which is formed with the acid radical and states that sufficient wate~ nay 
be added to bring in solution all of the more soluble ones of these products, 
the insoluble product then being separated by simple filtration or centri- 
fuging. 

The chlorine dioxide produced is reacted with an alkaline material Ln an 
aqueous me<^um to form a chlorate and a chlorite, this operation being 
generally performed by passing the chlorine dioxide gas through a water 
solution of the alkali, a suitable initial concentration of alkaline con- 
pound being approximately 15$ by weight.  The patentee further states that 
the quantity of absorbing medium required may be changed by varying the 
temperature, the liquor circulation rate, the time of contact between the 

I gae and the absorbing medium, and the concentration of the alkaline material 
• f in the absorbing medium. 

As previously noted, the Kampel patent presents no question of infringement, 
since each of the claims requires the presence of a third reactant in addi- 
tion to a strong mineral acid and a metal chlorate. 

The patent to Kampel et al., Ho. 2,'v96,287, assigned on its face to Cardox 
Corporation, is of interest in connection with the step of precipitating 
sodium acid sulfate in the blender.  This patent relates to a process for 
separating chemical compounds in which the components to be separated are 
sulfuric acid, potassium perchlorate and sodium acid sulfate.  The process 
involves filtration of a slurry containing the three components to remove 
the excess sulfuric acid, the filter cake being transferred to a washer 
in which it 1B treated with water in an amount sufficient to dissolve all 
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of the sodium acid sulfate contained in the cake.  The slurry of solid 
potassium perchlorate in a solution of sodium Bulfate and potassium per- 
ohlorate in dilute sulfuric acid is filtered, whereby the solid potassium 
perchlorate is separated for drying.  In view of the known solubilities 
of potassium perchlorate and sodium perchlorate, it is believed that no 
invention would "be exercised in maintaining sodium perchlorate in solution 
and sepprjting sodium acid sulfate by filtration, this conclusion being 
fortified by the disclosure of the Hampel patent JTo. 2,489t571. 

The pat»nt to Given, No. 1,277,^+77, assigned on its face to Atlas Powder 
Company, is of interest in connection with the step of vacuum distillation 
of the product solution to produce a perchloric acid which is then reacted 
with ammonia to fo.-m ammonium perohlorate.  !2he Given patent relates to 
a method of producing ammonium perchlorate in which a soluble perchlorate 
salt is treated with aaaaonia gas in the presence of carbon dioxide.  If one 
skilled in the art would know, as a result of this disclosure, that a jure 
perchloric acid could be reacted with ammonia to produce a pure ammonium 
perchlorate, then it is believed that the Given disclosure constitutes an 
anticipation of any novelty which may reside in this step, although it is 
not intonded that any Inference of patentability be drawn from the abs^nee 
of more pertinent patent literature, since it ia believed that the reaction 
of perchlerlo acid with ammonia to produce ammonium perohlorate is obvious. 

The patent to Sohumaoher, Ho. 2,5H55l6, assigned on its face to Western 
Sleotrochemical Company, and the patent to Tanharen et al.. Ho. 2f58

i-.3"^» 
assigned on its face to Solvay & Cie, are of interest in connection with 
the electrolysis of the saturated gas scrubber solution, the former patent 
disclosing and claiming the improvement in a process for making sodium 
chlorate by the electrolysis of an aqueous solution containing sodium 
chloride and a small amount of sodium ehremate, which consists of continuously 
withdrawing electrolyte from in electrolytic sell, continuously passing 
into the electrolytic cell an electrolyte consisting of the mother liquor 
from the said withdrawn electrolyte, after cooling to remove the excess 
sodium chlorate, and containing not leas than 75 grams per liter of sodium 
chloride together with not less than about ^+00 grams of sodium chlorate 
per liter, the electrolyte having a pH of about 6,1, and eleotroylzing 
the circulating electrolyte to produce additional sodium chlorate.  The 
latter patent discloses and claims the process of preparing an alkali 
metal chlorite which comprises subjecting to electrolysis ae a catholyte 
in a diaphragmed electrolytic cell an aqueous solution comprising an alkali 
metal hydroxide, and simultaneously introducing chlorine dioxido into direct 
contact with the polarised cathode in a quantity itoichiometricaliy in exoess 
of the hydrogen discharged at the cathode, while maintaining the catholyta 
slightly acid to nearly neutral, thereby obtaining the chlorite. 

The patent to Cunningham, No. 2,169,066, assigned on its face to The 
Hathieson Alkali Works, Inc., is of interest in connection with the 
absorption cf off-gases from the blender in sodium hydroxide solution, the 

I patent disclosing that chlorine dioxide is absorbed in an aqueous solution 
containing sodium hydroxide in suitable amount until the solution i9 sub- 
stantially neutral, this step being incidental to the preparation and 
•enarate recovery of sodium chlorate and sodium chlorite. 

t 
- 56- 



The following patents are of general interest; 

:• .5 

Patent 
Number Da^ta Inventor 

2,280,938 
2,489,572 
2,469,573 
2,489,57^ 
2,489,575 

V28/42 
11/29/49 
11/29/1*9 
11/29/^9 
11/29/^9 

George P.  Vincent 
Clifford A.  Hampel 
Clifford A.  Hampel 
Clifford A.  Hampel 
Clifford A.  Haapel 

ABq},ffneq 

The KathieBon Alkali  Works, Inc. 
Cardox  Corporation 
Cardox  Corporation 
Cardox  Corporation 
Cardox  Corporation 

it  i9  apparent  that  there  is little novelty in  the 
It  may,   however, be possible  to  obtain limited patent 

_f th9 process as a whole by including specific  limitations  in 
the claimB,  which mi^ht   influence  the Pntent  Office   to  allow them.     It 
is also  obvious,  however,   that  no broad patent  coverage can bo obt%ined 
in this case. 

Prom the fore go iiy 
projected process 
coverage 0 

I 
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A,  Post Estimate on Potassium Perchlorate hv The Electrolytic Method 

SUMMARY SHEET 

BsUmatafl Manufacturing Coat of 10.000 TPT Potaaalum Pwrchloratw 

Blcaafc gait 

Including raw materials, labor, maintenance, utilities 
and proceesing cost for sodium perchlorate 13.7>£/rb. 

Indirect Qoat 

Including plant overhead (cuperintendent, shift supervisors, 
chemistB, office workers, plant guards, etc.)  .....  0,3^/lb. 

Total Cost 

Sot including administrative overhead and fee of the operator, 
or depreciation, taxes and insurance   1^.0^/lb. 

Sodium chlorate liquor is fad batchwiae to electrolytic 
cells employing oopper anodes plated with platinum. The 
produc'4 of electrolysis, sodium perchlorate, is converted 
to the potassium salt by the addition of a hot, concentrated 
solution of potassium chloride. The product is then cooled, 
crystallised, filtered, and dried. 

Invaitmmt Coat 

Sodium Perchlorate Plant $2,570,000 
Potassium Perchlorate Plant   2.120.000 

Total .... $^,690,000 

PjcadBflUu BMMfllto 

The potassium psrchlarate plant is "baaed on a production 
of 10,000 TPY. The sodium perchlorate capacity is keyed 
to the production of potassium perchlorate. 

Probable Accuracy of Estimate 

This estimate is believed to have an accuracy of + 20$« 
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B.      SfLaLJlJfclaaia on Potassium Perchlorate by The Acid Disproportionation 

fiiiflfldLfiaii 

Including raw material, labor, maintenance, utilities 
and processing cost for sodium chlorate   2^.0^/lb. 

Including plant overhead (superintendent, shift supervisors, 
chemists, office workers, plant guards, etc.)    1.2^/lb. 

Br-Product 

Sodium bisulfate and sulfuric acid by-products are credited 
for the eauivalant sulfuric acid at $19 nor ton of sulfuric 
acid  ..." ' 5.0//lb. 

Not  including administrative overhead and fee  of the operator, 
or depreciation,   taxes,  and insurance       20.2f$/lb. 

Sodium chlorate produced by the  electrolysis of sodium chloride 
(NaCl)  and recycle sodiua hypcchlorite  (KaCIO)  and sodium chlorite 
(NaClC^)   i8 mixed with 83$ sulfuric acid for six hours at *K)«C. 
with the continued  injection of 50°C.  moist air.    The formed sodium 
bisulfate-sulfuric acid is removed by filtration.     The filtrate  is 
heated in a packed column to 70»C.     The effluent chlorine dioxide 
gas  stream from the blenders,  filters and strippers  is reacted with 
dilute caustic soda and recycled to  the sodium chlorate cells after 
partial evaporation. 

The liquor from the stripper  is reacted with potassium sulfate at 
50*C.    The products of reaction are cooled to 2*C.  and filtered. 
The filtrate is partially evaporated,  mixed with oleum to obtain 
83$ sulfuric acid and returned to   the blenders.    The formed potassiuu 
perchlorate is  then vacuum dried and prepared for  sale. 

Investment   Cost 

| Sodium Chlorate Plant      $5,300,000 
Sulfuric Acid Plant   .   .   .   „ 1,100,000 

1 Potassium Perchlorate Plant 'S.Vn.OQO 

Total     .   .   . $11,853,000 t 
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The acid dlsproportionation method produces a mixed filter 
cake  of about 3*5 pounds of sodium Msulfate and 3»8 pound* 
of sulfuric acid per pound of product.    This "by-product is 
credited for the sulfurtc acid content at $19»00/ton. 

BcaflaaUia Capacity 

The potassium perchlorat^ plant  is "based on a production of 
10,000 TPY.    The sodium chlorate,   sodium perchlcrate and 
Bulfuric acid capacities are keyed to the T.roduction of 
potassium perchlorave. 

Profrabla Accuracy of Estimate 

This estimate is "believed to have an accuracy of ± 20$. 

• 

9 
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t C.       Cost Estimate on Ammonium Perchlorate bv the Acll Dlaproportlonatloi. fci ufjia 

SUMMARY SHEET 

Estimated Manufacturing Coat  of 10.000 TYP Ammonium Perehlorate 

Direct  goat 

Including raw material, labor, maintenance, utilities and 
processing cost for sodium chlorate 25*8/&/lb. 

Including plant overhead (superintendant, shift supervisors, 
chemists, office workers, plant guards, etc.) 1.3^/lb. 

By-Pr<?foict 

Sodium bisulfate and sulfuric acid by-products are credited 
for the equivalent sulfuric acid at $19 per ton of sulfuric 
acid .).6f/ib. 

Not  including administrative overhead and fee of the operator, 
or depreciation,  taxes and insurance 21 «5j6# Xb. 

Pr_Oj2&u 

Sodium chlorate produced by the electrolysis of sodium chloride 
(HaCl) and recycle sodium hypochlorite (NaOlO) and sodium chlorite 
(HaC102 ie mixed with &jf>  sulfuric acid for six hours at *K)*C. with 
the continued injection of 50*C. moist air.  The formed sodium bi- 
sulfate- sulfuric acid is removed by filtration. The filtrate is 
heated in a packed column to 70#C. The effluent chlorine dioxide 
gas stream from the blenders, filters and strippers is reacted with 
dilute caustic soda and recycled to the sodium chlorate cells after 
partial evaporation. 

The liquor from the packed column or stripper is vacuum distilled 
at 27 inches of mercury to remove 95 percent of the perchlorate con- 
tent as **2$> perchloric acid. The sulfuric acid residue is combined 
with 9656 sulfuric acid and water %o form cr$  sulfuric acid returned 
to the blenders. Ammonium perchlorate product is formed by bubbling 
anhydrous ammonia through the ^2$ perchloric acid, and evaporating 
the solution to drynsss. 

Inraitoflaif Coit 

V" Sodium Chlorate Plant $5#600,000 
Sulfuric Acid Plant 1,200,000 
jjnmonium Perchlorate Plant 5.900.000 

1 r> :. 
i   ) 1 

TOTAL      $12,700,000 
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COMFIDi-.NTiA! 

SLCURiTY MQRMATli 
Tha acid disproportionation method produces a nixed filter cake 
of about 3.9 pounds of eodiun biiulfate and A-.3 pounds of eulfurio 
acid per pound of ammonium perchlorate product.    Th.it by-product 
it credited for the eulfurio acid content at $19.00/ton. 

Pm flint 1 TO Capacity 

The ammonium perchlorate plant it bated on a production of 10,000 TPY. 
The sodium chlorate, sodium perchlorate and sulfuric acid capacities 
are keyed to the production of ammonium perchlorate. 

Probable Accuracy of lailMil 

This estimate is believed to have an accuracy of + 20$. 
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iBftJj&lflftl Prooedure for Mixtures Containing Perchlorate.   Chlorate. 
ShlflEltft. azaMdaJLacila and Shiarl&j 

This complete analytical procedure replaces a previously used procedure 
which corerod methods for perchlorate, chlorate and chloride only, 
and was given in Section P of Part II of the final report on Project 
NR 352-263/2-19^51, which issued August 31, 1951. Th»  present procedure 
is based partly on the work of Haller and Listek (13) on determination 
of chlorine dioxide and other active chlorine compounds in municipal water 
supplies. Their methods on parts per million determinations were adapted 
to higher concentrations. The method for Bodium hypochlorite is the 
standard method ueed for analysis of an important industrial product, 
calcium hypochlorite. Development, tasting and integration of the various 
individual methods into a complete procedure was done by the Analytical 
Section of ths R. & D. Division of Pennsalt. Table XXIII gives data on 
the testing of this analytical procedure for the range of interest  in 
this study, and shows analytical results duplicating actual sample com- 
position to within 1.5$ or better. 

AnfllvUflFll PTOgedyre 

0.0 Sample Preparation 

0.1  Solids 

0.1? Weight accurately approximately 6 grams of sample, 
dissolve in water and dilute to 500 ml. in a volu- 
metric flask. 

0.2 Liquids 

0.21    Take a known volume of solution which contains approxi- 
mately 6 (grams of solid and dilute with water to 500 ml* 
in a volumetric flask. 
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1.0 Determination of Hvnochlorlte Content 

1.1 Apparatus 

1.11 250 ml. beaker 

1.12 50 ml. "buret 

1.13 10 ml. calibrated pipet 

1.2 Reagents 

1.21 Standard 0.1 5 Sodium arienlte  solution 

1.22 Starch - Iodide teat paper 

1.23 Buffer solution    100 gms.  of HaHgPOj^H^O plus 
150 gms.  of HaigBPOj} per liter 

1.3 Procedure 

1.31 Pipet 10 ml. of the sample into 50 ml. of water 
in a 250 ml. beaker. 

1.32 Add 5 ml* °f the buffer solution. Chock with 
pH paper to make sure pH is between 6 and 7* If 
not, add more buffer. 

1.33 Add standard 0.1 N sodium arsenite from the buret to the 
solution in the beaker with stirring, until a drop of 
the solution on the stirring rod does not yield a 
blue color on the starch iodide paper. I>o not overrun 
the endpoint. Record the volume of sodium arsenite 
used, V. 

l,k    Calculations 

(V) (Bormality of sodium arsenite) (0.03723) » gms. of HaOOl 
in aliquot taken. 

2.0 Ifrtormlnation of Chlorite Content 

2.1 Apparatus 

2.11 250 ml. beaker 

2.12 50 ml. buret 

2.13 10 ml. calibrated pipet 
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2.2 Reagent* 

2.21 Standard 0.1 N eoditun arsanite solution 

2.22 Solid potassium iodide 

2.23 Buffer solution - 100 gas. of HaH^O^^O Plu* 15° «*•• 
of Hs^HPO^ per liter 

2.24 Approximately 0.5 H sulfuric acid 

2.25 Starch indicator solution, 0.5% 

2.3 Procedure 

2.31 Add 10 gas. of potassium iodide to 50 ml. of water 
in a 250 ml. beaker. 

2.32 Pipet 10 ml. of the sample into the beaker 

2.33 Add approximately O.f. N sulfuric acid until pH is 
between 1 and 2 using pE paper. Mix and let stand one 
minute. 

2.34 Add 10 ml. of buffer solution. Check with pE paper 
to make sure pE is between 6 and 7* If not, add more 
buffer. 

1 

2.35 Titrate with 0.1 K sodium arsanite solution to disap- 
pearance of iodine color, using starch indicator, if 
necessary* Record the roluae of sodium araenite used, V. 

2.4 Calculations 

(V-V) (Normality of sodium arsenlte) (0.02261) • gms. of 
HaC102 in aliquot taken. 

3.0  PfttermlnftUon pf chlorate Sflatoai 

3*1    Apparatus 

3.11 250 ml.  iodine flask 

3.12 50 «1. buret 

3.13 10 ml. calibrated pipet 

3.2 Reagents 

3.21 Solid sodium bromide 

3.22 10^ potassium iodide solution 

3.23 Concentrated hydrochloric aoid 

3.24 Standard 0.1 H sodium thiosulfate 
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3*25 Starch indicator solution, 0.5 peroent 

3»3 Prooedure 

3.31 Pipot 10 ml. of the sample into the 250 ml. iodine flask 

3»32 Add 2 gas. of solid sodiua\roaido 

3*33 Add 20 ml. of oonoantratad hydroohloric acid and stopper 
flask immediately. Shahs and lot stand 5 ainutes. 

3.3t Add 20 ml. of the 10<C potassium iodide solution to the 
flask without allowing any gas to escape. Shake wall. 

3*35 Titrate with 0.1 V sodium thiosulfate to disappearance of 
iodine color, using starch if necessary. Record volume 
of sodium thiosulfate used, X. 

3**+ Calculations 

(X)  (Normality of sodium thiosulfate) - 1 
(V)  (Formality of sodium arsenite) • I 
(l-f) (0.0177^) - gas* of Na0103 in aliquot taken 

k.o Ptttn^naUflB af Qblflrldj QsaiMSi 

4.1    Apparatus 

lt.ll   500 ml. iodine flask 

*t«12   50 ml. euret 

**.13    25 al. calibrated pipet 
I 

k.2    Reagents 

I 4>21    Terrous sulfate, hydrated,  solid (feBO^TBgO) 

^•22    Sulfurie acid (ill) 

fc.23    Standard 0,1 X silver nitrate solution 

k.2h   Standard 0.1 V potassium thieoyanate solution 

1^.25   Hitrobensene, purified 

fc»3   Procedure 

fc.31   Add 5 Rl* of Mulfurie acid (ill) to 150 ml. of water in 
I the 500 ml.  iodine flask 

{ 
^,32 Add 10 gas. of ferrous sulfate 

*t*33 Pipet 25 ml. of sample into flask. If a precipitate forma, 
add more sulfurie acid uut<"\ it dissolves 

^•3^ Place flask on steam oath for one hour 

. ! "\    ' - 68 - 

,' 



•***• **05 Cool, add standard silvsr nitrate from a buret until 
in excess. Record volume of silver nitrate,A. 

^.36 Add 2 alt of nitrobenzene and shake vigorously for 
1 minute. 

It.37 Titr&te the excess silver nitrate with standard potas- 
sium thiocyanate to first permanent reddish brown 
color. Record volume of thiocyanate, B. 

i*,«    Calculations 

(l)  (Normality of silver nitrate) « 0 
(B)  (Normality of potassium thiocyanate) » H 
(&*-H) (0.035^) « gms. of chlorine from chloride, hypochlorite, 

chlorate and chlorite in aliquot taken = K 
(gas. of NaClO in aliquot) (0.^763) » gm. chlorine d, » to NaCIO « L 
(gas. of NaClC2 •   •  ) (0.3920) -  »     "    •  • NaClO^ M 
(gms. of RaClO^ »   "  ) (O.3331) = •     •    •  " NaClO^- N 
(K) - (l/+ffKN) & gm. of chlorine from chloride only • P 
(P)   (1.61*83) • gm. of NaCl in aliquot taken 

5.0 Determination of Perchlorate Content 

5*1 Apparatus 

5.11 500 ml.  iodine flask 

5.12 50 ml. buret 

5.13 25 ml.  calibrated pipet 

5.2 Reagents 

5.21 Ferrous sulfate, hydratod, solid (PeSO^'TB^O) 
« 
I 5.22 Sulfuric acid (ltl) 
; 

5*23 Titanou8 sulfate, Z0%  solution 

5.2^ litrio acid (l.l) 

5*25 Standard 0.1 N silver nitrate solution 

5*26 Standard 0.1 5 potassium thiocyanate solution 

5.3 Procedure 

5.31 Add 2 ml. of sulfuric acid (ljl), to 20 ml* of water in 
the 500 ml. iodine flask. 

/ 5»32 Add 2 gm* of ferrous sulfate 

5.33 Pipet 25 ml. of sample into flask.  If a precipitate 

forma, add more sulfuric acid until it dissolves. 
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5.3^ Heat on iteam "bath 15 minutes. 

5.35 Add 20 ml. of sulfuric acid (ill). 

5.36 Pipet 20 ml. of titanoua sulfate solution into flask. 

5.37 Place on hot plate for one hour. Keep solution at 
boiling, but do not boil. 

5*38 Cool to Just above room temperature and add 5 ml. of nitric 
acid (1:1). 

5.39 Place on hot plate 5 minutes (solution should now be 
yellow colored, if still purple, add more nitric acid). 
Shake flask occasionally to remove oxides of nitrogen. 

5.3*10 Cool, add standard silver nitrate from burst until 
in excess. Record volume of silver nitrate, C. 

5.3*11 Add 2 ml. of nitrobensene and shake vigorously for 
one minute. 

5.3.12 Titrate the excess silver nitrate with standard potassium 
thiocyanate to first permanent reddish solution. Record 
volume of thiocyanade added, 0. 

5.3*13 Run blank on all reagents, without sample. Wbtraet 
blank from sample determination. 

5.^ Calculations 

(C) (Normality of silver nitrate) » R. 
(D) (Normality of potassium thiocyanate) » S. 
(R-S) (0.035^) B gms. of chlorine from chloride, hypochlorite, 

chlorite, chlorate and perchlarate in aliquot taken * T. 
(T-K) a gms. of chlorine due to perchlorate only » Z. 
(Z)  (3.^531) • gms. of NaClO^ in aliquot taken. 
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TBSTIUQ ANALYTICAL PROCXDORI 

No. 

Sample Composition - g./l.    y AnalTtical Result B - g./l. 

HaCl HaC102 NaClO^ 
NaClOv 
HgO Had BaClO NaOl02 5aClC>3 

SaClOk- 
H20 

1 11.8 Nona 11.7 

2 12.0 
1 

Sons Nona 11.9 

3 10.^ Hene Nona lo.io 

k 8.0 6.1 Son* 
fe.l 
(7.9 

f6.0 
J6.0 
\6.0 

5 3.7 e. *.l 
{3.7 
|3.7 None Nona 

/6.3 
\6.3 

ft.o 
U.i V.i 

NOTE: A known sample of NaClO could not be prepared. In practice, 
analyst* depend on check results with a giren sample. 
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19 Aug\v«t  1953 
Pennaalt Kf«.   Oo.- PXRCHLORATR RESSAROH m Contract Bonr-80700 - RR 356-30+ 

SlfJiiT/ttUon li»t lor St&tm. Xtchaioa],, ABBUM mi riaal Raporu 

go. of Oonian. Addressee 

2 Department of the Bavy 
Chief, Bureau of Aeronautics 
Washington 25,  O.O. 
Attn;   81  531 Solid Propollant Unit        (l) 

•        H>4       Tech.  Infcreation Branch (l) 

3 Department of tha Hary 
Chief, luraau of Orinasoa 
Washington 25, D.0. 
Attn; Ra2o - High Rxploai-vea       (l) 
"    Ie2d - Propellent Section     (l) 
• AD3 M Tech. Library Branch   (l) 

12 Chief, Office of laral Raaaarch 
Washington 25, O.O. 
Attn; Cheaiatry Branch Coda 425     Uo) 

"   Araaaent Branch Ooda 463 
• Power Branoh    Code 429 

1 Office of Ratal Raaaarch Branoh Office 
346 Broadway 
Raw York 13, Raw Tork 

1 ORR Resident Represaatatira 
e/o UniYersity of Pennsylrania 
3320 Walnut Street 
Philadelphia 4, Pennsylrania 

1 Office of Rayal Research Branoh Office 
The John Crerar Library Bldg. (10th Tloor) 
86 last Randolph Street 
Chicago 1, Illinois 

1 Office of Rayal Research Branoh Offioa 
1030 I. Green Street 
Pasadena 1, California 

1 Office of Raral Research Branch Office 
1000 Geary Street 
San Tranoieoo 9, California 

2 Department of tha Aray 
Offioa of the Chief of Qrdnanoe 
Pentagon, Washington 25, D.C. 
Attn;  Technical Unit Code QBDTU   (l) 

"    Code CKDTA (l) 

1 Horisons Incorporated 
2891 Bast 79th Street 
dare land 4, Ohio 

Attn; Dr. Rugane Wainer, Director of Reseaxoh 
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